




ORNL /TM-7 2 0 7 
D i s t .  C a t e g o r y  UC-76 

C o n t r a c t  No. W-7405-eng-26 

E n g i n e e r i n g  Technology D i v i s i o n  

CONCEPTUAL D E S I G N  C H A R A C T E R I S T I C S  OF A DENATURED 
MOLTEN-SALT REACTOR WITH ONCE-THROUGH F U E L I N G  

J. R. E n g e l  W. R. Grimes 
H. F. R a u m a n  H. E. M c C o y  
J. F. D e a r i n g  W. A. R h o a d e s  

Date Published: July 1980 

NOTICE This document contains information of a preliminary nature. 
I t  is subject to revision or correction and therefore does not represent a 
final report. 

Prepa red  by the  
OAK R I D G E  NATIONAL LABORATORY 

Oak R i d g e ,  Tennessee 37830 
operated by 

U N I O N  CARBIDE CORPORATION 
f o r  the 

DEPARTMENT OF ENERGY 

3 4 4 5 6  0357593 I 





iii 

CONTENTS 

Page .. 

ABSTRACT .......................................................... 1 

1 . INTRODUCTION .................................................. 2 

2 . GENERAL DESCRIPTION OF DMSR ................................... 5 

2.1 Fuel Circuit ............................................. 6 

2 . 2  Coolant Circuit .......................................... 7 

2.3  Balance-of-Plant ......................................... 7 

2.4 Fuel Handling and Processing ............................. 8 

3 . REFERENCE-CONCEPT DMSR ........................................ 10 

3.1 Neutronic Properties ..................................... 10 

3.1.1 Neutronics core model ............................. 10 
3.1.2 Core design considerations ........................ 1 4  
3.1.3 Neutronics calculation approach ................... 1 4  

3.1.5 Static neutronic results .......................... 22 

3.1.7 Dynamic effects ................................... 3 3  

3.1.4 Once-through system considerations ................ 20 

3.1.6 Burnup results .................................... 29 

3 . 2  Reactor Thermal Hydraulics ............................... 4 0  

3 . 3  Fuel Behavior ............................................ 46 

3.3.1 Basic considerations .............................. 47 
3 . 3 . 2  Fission-product behavior .......................... 60 
3 . 3 . 3  Fuel maintenance .................................. 70 

3.4 Reactor Materials ........................................ 81 

3.4.1 Structural alloy .................................. 81 
3.4.2 Moderator ......................................... 87 

3.5 Safety Considerations .................................... 90 

3.6 Environmental Considerations ............................. 92 

3.7 Antiproliferation Features ............................... 94 

3.7.1 Potential sources of SSNM ......................... 94 
3.7.2 Accessibility of  SSNM ............................. 95 

4.1 Fuel Cycle Choices ....................................... 97 

4 . ALTERNATIVE DMSR CONCEPTS ..................................... 97 
4.1.1 Break-even breeding ............................... 98 
4.1.2 Converter operation with fuel processing .......... 100 
4.1.4 Salt replacement .................................. 104 
4.1.3 Partial. fission-product removal ................... 101 

4 . 2  Fuel Cycle Performance ................................... 105  



iv 

Page 

5 . COMXERCIALIZATION CONSIDERATIONS .............................. 109 

5.1 Research and Development ................................. 1-09 

5.1.1 Cur ren t  status .................................... 110  

5.1.3 Base program s c h e d u l e  and c o s t s  ................... 1 1 2  
5.1.2 Technology base f o r  r e f e r e n c e  DHSR ................ 3-10 

5.2 Reac to r  Bui ld  Schedule ................................... 1-14 

5.2.1 Reac tor  sequence .................................. '1-14 
5.2.2 Schedule and c o s t s  ................................ 114 

5.3 Economic Performance of Commercial DMSR .................. 116 

5.3.2 Nonfuel opera t i .on  and maintenance c o s t  ............ 120 
5.3.3 Decommissioning and d i s p o s a l  c o s t  ................. 1 2 1  
5.3.4 Fuel  c y c l e  c o s t s  .................................. 1.24 
5.3.5 New power c o s t  .................................... 127 

5.3.1 Capi-tal  c o s t s  ..................................... 1 1 7  

5.4 Licens ing  ................................................ 1.27 

6 . SUMMARY AND CONCLUSIONS ....................................... 1 3 1  

6.1 Reference-Concept DMSR ................................... 131 

6.2 A l t e r n a t e  DPlSR Concepts .................................. 1.35 

6.3 Commercial izat ion Consid.erations ......................... 136 

6.4 Conclus ions  .............................................. 1.37 

ACKNOWT. EDGMENT .................................................... 139 

REFERENCES ......................................................... 140 

APPENDIX A . COMPARATIVE REACTOR COST ESTIMATES ................... 1.49 



CONCEPTUAL DESIGN CHARACTERISTICS OF A DENATURED 
MOLTEN-SALT REACTOR WITH ONCE-THROUGH FUELING 

J. It. Engel  IJ. R. G r i m e s  
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H. F. Raunan VI. E. ElcCoy 

ABSTRACT 

A s t u d y  w a s  made t o  examine t h e  c o n c e p t u a l  f e a s i b i l i t y  of 
a m o l t e n - s a l t  power r e a c t o r  f u e l e d  w i t h  dena tured  2 3 5 U  and op- 
e r a t e d  w i t h  a minimum of chemical  p r o c e s s i n g .  

Because s u c h  a r e a c t o r  would n o t  have a p o s i t i v e  breeding  
g a i n ,  r e d u c t i o n s  i n  t h e  f u e l  c o n v e r s i o n  r a t i o  were al lowed i n  
t h e  d e s i g n  t o  a c h i e v e  o t h e r  p o t e n t i a l l y  f a v o r a b l e  c h a r a c t e r i s -  
t i c s  € o r  t h e  r e a c t o r .  A c o n c e p t u a l  c o r e  d e s i g n  w a s  developed 
i n  which t h e  power d e n s i t y  was l o w  enough t o  a l l o w  a 30-year 
l i f e  expectancy of  t h e  moderator  g r a p h i t e  w i t h  a f l u e n c e  l i m i t  
o f  3 x neutrons/m2 ( E  > 50 keV). This r e a c t o r  could be 
made c r i t i c a l  w i t h  a b o u t  3450 kg of 20% e n r i c h e d  2 3 5 U  and op- 
erated f o r  30 y e a r s  w i t h  r o u t i n e  a d d i t i o n s  o€ d e n a t u r e d  2 3 5 U  
and no chemical  p r o c e s s i n g  €or  removal of f i s s i o n  products .  
The l i f e t i m e  requirement  of n a t u r a l  U 3 0 8  f o r  t h i s  once-through 
f u e l  c y c l e  would be about  1810 Mg (-2000 s h o r t  t o n s )  f o r  a 1-GWe 
p l a n t  o p e r a t e d  a t  a 75% c a p a c i t y  f a c t o r .  I f  t h e  uranium i n  t h e  
f u e l  a t  t h e  end o f  l i f e  were recovered  (3160 kg f i s s i l e  uranium 
a t  -10% e n r i c h m e n t ) ,  t h e  U3O8 requirement  could  be f u r t h e r  re- 
duced by n e a r l y  a f a c t o r  o€ 2. The l i f e t i m e  n e t  plutonium pro- 
d u c t i o n  €or  t h i s  f u e l  c y c l e  would be only  736 kg f o r  a l l  i s o -  
t o p e s  (238, 239, 240,  241, and 242). 

A rev iew of t h e  chemical  c o n s i d e r a t i o n s  a s s o c i a t e d  w i t h  t h e  
c o n c e p t u a l  f u e l  c y c l e  i n d i c a t e s  t h a t  no s u b s t a n t i a l  d i f f i c u l t i e s  
would be expec ted  i f  t h e  s o l u b l e  f i s s i o n  p r o d u c t s  and h i g h e r  ac- 
t i n i d e s  w e r e  a l lowed t o  remain i n  t h e  f u e l  s a l t  f o r  t h e  l i f e  of 
t h e  p l a n t .  Some s a l t  t r e a t m e n t  t o  c o u n t e r a c t  ox ide  contamina- 
t i o n  and t o  m a i n t a i n  t h e  o x i d a t i o n  p o t e n t i a l  of t h e  m e l t  prob- 
a b l y  would be n e c e s s a r y ,  b u t  t h e s e  would r e q u i r e  only  well-known 
and demonstrated technology.  

q u i r e d ,  t h e  dena tured  m o l t e n - s a l t  r e a c t o r  concept  a p p a r e n t l y  
could  be made commercial i n  about  30 y e a r s ;  i E  t h e  c o s t s  of in- 
t e r m e d i a t e  developmental  r e a c t o r s  are  i n c l u d e d ,  t h e  c o s t  f o r  
development i s  e s t i m a t e d  t o  be  $3750 m i l l i o n  (1978 d o l l a r s ) .  
The r e s u l t i n g  system would be approximate ly  economica l ly  com- 
p e t i t i v e  w i t h  cur ren t - technology l i g h t - w a t e r  r e a c t o r  systems. 

Although s u b s t a n t i a l  t echnology development would be re- 
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1. INTRODUCTION 

Mol ten-sa l t  r e a c t o r s '  (MSRs ) have been under  s tudy  and developcnent 

i n  t h e  United S t a t e s  s i n c e  about  1947,  w i t h  mosi of  the work s i n c e  1956 

d i r e c t e d  iloward high-perf  ormance b r e e d e r s  €o r  power p roduc t ion  i n  the 

f u e l  cyc le .  The most r e c e n t  development e f f o r t  i n  t h i s  area w a s  

t e r m i n a t e d  i n  September 1976 i n  response  t o  guidance? provided by t h e  

Energy Research and Development Adminis t ra  Lion (now Department of Energy) 

( E K D A / D O E )  i n  March 1976. 

phas ized  t h e i r  a n t i p r o l i f e r a t i o n  a t t r i b u t e s  w a s  c a r r i e d  o u t  i n  l a t e  1976. 

T h i s  s t u d y  concluded t h a t  MSRs w i thou t  dena tu red  f u e l  probably would not 

be s u f f i c i e n t l y  p r o l i f e r a t i o n - r e s i s t a n t  f o r  u n r e s t r i c t e d  worldwide deploy- 

ment. Subsequent ly ,  a more e x t e n s i v e  s t u d y  w a s  under taken  a t  Oak Ridge 

Na t iona l  Labora tory  (ORNL) t o  i d e n t i f y  and c h a r a c t e r i z e  dena tu red  molterr- 

s a l t  r e a c t o r  (DMSR) concep t s  f o r  p o s s i b l e  a p p l i c a t i o n  i n  a n t i p r o l i f e r a t i o n  

s i t u a t i o n s .  This  work began as p a r t  of  the  e f f o r t  i n i t i a t e d  by ERDA i n  

r e sponse  t o  a n u c l e a r  p o l i c y  s t a t emen t  by P r e s i d e n t  Ford on October  28 ,  

1976;" i t  w a s  conti-nued under  t h e  N o n p r o l i f e r a t i o n  A l t e r n a t i v e  Systems 

Assessment Program (NASAP) ,5 which w a s  e s t a b l i s h e d  i n  response  t o  t h e  

Nuclear  Power P o l i c y  S ta tement  by P r e s i d e n t  Carter on  A p r i . 1  7 ,  1977,6 and 

The Na t iona l  Energy P la11 .~  

A b r i e f  s t u d y  of a l t e r n a t i v e  MSRs3 which eiii- 

The DMSR i s  on ly  one of  a l a r g e  number of  r e a c t o r s  and a s s o c i a t e d  

fuel. c y c l e s  sel-ectet l  f o r  s t u d y  under NASAP. However, i t  i s  a l s o  a member 

o f  a smaller subgroup t h a t  would o p e r a t e  pr i i i i a r i ly  on the 'rh-233U f u e l  

c y c l e .  Molten-sa1.t r e a c t o r s ,  i n  g e n e r a l  are p a r t i c u l a r l y  well s u i t e d  t o  

t h i s  f u e l  c y c l e  because t h e  f l u i d  f u e l  and t h e  a s s o c i a t e d  c o r e  d e s i g n  tend  

t o  enhance neu t ron  economy, which i s  p a r t i c u l a r l y  impor t an t  f o r  e f f e c t i v e  

r e source  u t i l i z a t i - o n .  I n  a d d i t i o n ,  the  a b i l i t y  of t h e  molten f u e l  t o  re- 

t a i n  plutonium (produced from neu t ron  c a p t u r e s  i n  t h e  238U d e n a t u r a n t )  i n  

a r e l a t i v e l y  i n a c c e s s i b l e  form appea r s  t o  c o n t r i b u t e  t o  t h e  p r o l i f e r a t i o n  

r e s i s t a n c e  of  the system. Tl?e MSR concept  a l s o  o f f e r s  t h e  p o s s i b i l i t y  of  

system o p e r a t i o n  wi.thin a s e a l e d  containment  from which no f i s s i l e  ma t t ? -  

r ia1 i s  removed and t o  which on ly  dena tu red  f u e l  o r  f e r t i l e  material  i s  

added du r ing  the l i f e  of  t h e  p l a n t .  Th i s  combinat ion of p r o p e r t i e s  sug- 

g e s t s  t h e  p o s s i b i l i t y  of  a f u e l  c y c l e  w i t h  a low o v e r a l l  c o s t  and s i g n i f i -  

c a n t  r e s i s t a n c e  t o  p r o l i f e r a t i o n .  



The primary purpose O F  t h i s  s t u d y  w a s  t o  i d e n t i f y  arid c h a r a c t e r i z e  

one o r  more UMSR concepts  w i t h  a n t i p r o l i f e r a t i o n  a t t r i b u t e s  a t  least  

e q u i v a l e n t  t o  t h o s e  o f  a "convent iona l"  l i g h t - w a t e r  r e a c t o r  (LWR) oper- 

a t i n g  on a once-through f u e l  cyc le .  The s y s t e m s  were a l s o  r e q u i r e d  t o  

show a n  improvement over  t h e  L'dR i n  terms of f i s s i l e  and f e r t i l e  r e s o u r c e  

u t i l i z a t i o n .  Cons iderable  e f f o r t  was devoted t o  c h a r a c t e r i z i n g  f e a t u r e s  

of t h e  c o n c e p t ( s )  t h a t  would be expec ted  t o  a f f e c t  t h e  assessment  of t h e i r  

b a s i c  t e c h n o l o g i c a l  f e a s i b i l i t y .  These f e a t u r e s  i n c l u d e d  t h e  e s t i m a t e d  

c o s t s  and time s c h e d u l e  f o r  deve loping  and deploying  t h e  r e a c t o r s  and 

t h e i r  a n t i c i p a t e d  s a f e t y  and envi ronmenta l  f e a t u r e s .  

Although t h e  o l d e r  MSR s t u d i e s  w e r e  d i r e c t e d  toward a high-perfor-  

mance b r e e d e r  [and a r e f e r e n c e  m o l t e n - s a l t  b r e e d e r  r e a c t o r  (MSBR) design8 

w a s  deve loped] ,  t h e  b a s t c  concept  i s  a d a p t a b l e  t o  a broad range of f u e l  

c y c l e s .  Aside from t h e  b r e e d e r ,  t h e s e  f u e l  c y c l e s  range from a plutonium 

b u r n e r  f o r  233U p r o d u c t i o n ,  th rough a DMSR w i t h  break-even breeding  and 

complex on-s i t e  f i s s i o n - p r o d u c t  process ing , '  t o  a denatured  system w i t h  

a 30-year f u e l  c y c l e  t h a t  i s  once-through w i t h  r e s p e c t  t o  f i s s i o n - p r o d u c t  

c leanup and f i s s i l e - m a t e r i a l  r e c y c l e .  O f  t h e s e ,  t h e  las t  one c u r r e n t l y  

a p p e a r s  t o  o f f e r  t h e  most advantages  f o r  development as a p r o l i f e r a t i o n -  

r e s i s t a n t  power source.  Consequent ly ,  t h i s  r e p o r t  i s  c o n c e n t r a t e d  on a 

c o n c e p t u a l  DMSR w i t h  a 30-year f u e l  c y c l e  and no s p e c i a l  chemical  pro- 

c e s s i n g  f o r  f i s s i o n - p r o d u c t  removal ;  o t h e r  a l t e r n a t i v e s  a r e  cons idered  

o n l y  b r i e f l y .  

S e c t i o n  2 c o n t a i n s  a g e n e r a l  d e s c r i p t i o n  of t h e  D14SR concept ,  w i t h  

emphasis on t h o s e  f e a t u r e s  t h a t  would be t h e  same f o r  a l l  DMSR f u e l  cy- 

cles. S e c t i o n  3 p r e s e n t s  a more d e t a i l e d  t r e a t m e n t  of t h e  r e f e r e n c e -  

concept  DMSR c o v e r i n g  t h e  n e u t r o n i c  and thermal -hydraul ic  c h a r a c t e r i s t i c s  

of t h e  r e a c t o r  c o r e ,  f u e l - s a l t  c h e m i s t r y ,  r e a c t o r  materials,  p l a n t  s a f e t y  

c o n s i d e r a t i o n s ,  and sys tem-spec i f ic  envi ronmenta l  c o n s i d e r a t i o n s .  A gen- 

e r a l  t r e a t m e n t  of t h e  a n t i p r o l i f e r a t i o n  a t t r i b u t e s  of t h e  concept  i s  a l s o  

i n c l u d e d .  The n e x t  s e c t i o n  ( S e c t .  4 )  a d d r e s s e s  p o t e n t i a l  a l t e r n a t i v e s  t o  

t h e  r e f e r e n c e  concept  and t h e i r  p e r c e i v e d  advantages  and d isadvantages .  

S e c t t o n  5 a d d r e s s e s  t h e  commerc ia l iza t ion  c o n s i d e r a t i o n s  f o r  DMSRs, in -  

c l u d i n g  t h e  p e r c e i v e d  s t a t u s ,  needs,  and p o t e n t i a l  r e s e a r c h ,  development,  
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and demons t r a t ion  ( R D & D )  program; a p o s s i b l e  schedu le  f o r  major con- 

s t r u c t i o n  p r o j e c t s ;  t h e  e s t i m a t e d  performance of commercial u n i t s ;  and 

any s p e c i a l  l i c e n s i n g  c o n s i d e r a t i o n s .  F i n a l l y ,  Sect. 4 p r r s c n ~ s  t h e  gen- 

e ra l  conc lus ions  of the s t u d y ,  a long  with s u g g e s t i o n s  that  would  a f f e c t  

any f u r t h e r  work on t h i s  concept .  
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2. GENERAL DESCRIPTION OF DMSR 

The p l a n t  concept  f o r  a DMSR i s  a d i r e c t  outgrowth of t h e  ORNI, 

re ference-des ign  MSRR, and,  t h e r e f o r e ,  i t  c o n t a i n s  many f a v o r a b l e  fea-  

t u r e s  of t h e  b r e e d e r  des ign .  However, t o  comply w i t h  t h e  a n t i p r o l i f e r a -  

t i o n  g o a l s ,  i t  a l s o  c o n t a i n s  a number of d i f f e r e n c e s ,  p r i n c i p a l l y  i n  t h e  

r e a c t o r  c o r e  d e s i g n  and t h e  f u e l  c y c l e .  F igure  1 i s  a s i m p l i f i e d  sche- 

matic diagram of t h e  re ference-des ign  MSBR. 

t h e r e  i s  o n l y  one d i f f e r e n c e  from t h e  DMSR concept :  

p r o c e s s i n g  p l a n t  (shown a t  t h e  l e f t  of t h e  c o r e )  would n o t  b e  r e q u i r e d  

f o r  t h e  DMSR. 

A t  t h i s  l e v e l  of d e t a i l ,  

t h e  on- l ine  chemical 

DRNL DWG 68 1185,FR 

SECONDARY 
SALT PUMP NoBF4 - NoF 

621°C 

EXCHANGER 

FUEL SALT 

CHEMICAL 
PROCESSING 

PLANT 
STEAM GENERATOR 

! I  -. . - 
~ . 

--t 

STEAM 

/ 

t. 
Fig.  1. S i n g l e - f l u i d ,  two-region molten sa l t  b r e e d e r  r e a c t o r .  
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2 .1  F u e l  C i r c u i t  - 

The f u e l  c i r c u i t  f o r  a IJMSK would be v e r y  s imilar  to t h a t  f o r  an  

MSRR; on ly  the core d e s i g n  would be  changed, The pr imary requi rement  

f o r  t h i s  r e d e s i g n  w a s  a r e d u c t i o n  i n  the c o r e  neu t ron  f l u x  (and power 

d e n s i t y )  t o  

1. extend t h e  l i f e  expcc tancy  o f  the g r a p h i t e  moderator  t o  t h e  f u l l  30- 

year  p l a n t  1 i f e t i m e ,  

l i m i t  n e u t r o n  raptures i n  2 3 3 ~ a  wh-ich, t o  enhance p r o l i f e r a t i o n  re- 

s i s t a n c e ,  would be r e t a i n e d  i n  t h e  f u e l  s a l t .  

2. 

The lower power d e n s i t y  would d s o  tend t o  reduce  t h e  poisoning e f f e c t s  

of s h o r t - l i v e d  f i s s i o n  products  and t o  s i m p l i f y  the  thermal -hydraul ic  con- 

s t r a i n t s  O i l  the d e s i g n  of t h e  moderator  e lements .  The p r i n c i p a l  imfavor- 

ab le  e f f e c t s  would be the. i n c r e a s e s  i n  i n v e n t o r y  of  t h i !  f u e l  s a l t  and f i s -  

s i l e  f u e l .  Referetice-design f e a t u r e s  of the DMSR core  are d e s c r i b e d  i n  

g r e a t e r  d e t a i l  i n  a l a t e r  s e c t i o n .  

A t  d e s i g n  power (1000 MTdJe), t h e  f u e l  s a l t ,  which would have a l i q u i -  
* 

dus t empera tu re  of about  5 O O 0 C ,  would e n t e r  t h e  c o r e  a t  5hh°C and l e a v e  

a t  704°C t o  t r a n s p o r t  about  2250 MWt ( i n  f o u r  p a r a l l e l  l oops )  t o  t h e  sec- 

ondary sa l t .  The Elow ra te  of  s a l t  i n  each  of t h e  pr imary l o o p s  ( i n c l u d -  

ing  t h e  bypass  f o r  xenon s t r i p p i n g )  would be about  1 m3/s (16,000 gpin). 

The pr imary s a l t  would c o n t a i n  0 .5  t o  1% (by volume) hel ium bubbles  t o  

s e r v e  as a s t r i p p i n g  agent  f o r  xenon and o t h e r  v o l a t i l e  f i s s i o n  products .  

Helium would be added t o  and removed from bypass  f lows of -10% of each  

of  the pr imary l o o p  f lows,  This  g a s  s t r i p p i n g  would a l s o  remove some of 

the t r i t i u m  from t h e  pr imary ~ a J . t : , ~  p a r t l y  as 3HF; however, most of t h e  

tri.tiuiii would d i f f u s e  through t h e  tube  walls of t h e  pr imary heat exchang- 

e.rs i n t o  t h e  secondary s a l t .  Helium removed .from t h e  pr imary c i r c u i t  

would be created i n  a series of f i s s ion -p roduc t  t r a p p i n g  and c leanup s t e p s  

b e f o r e  be ing  r ecyc led  f o r  f u r t h e c  gas  st:ri.pping. P r o v i a i o a s  would a l s o  be 

3t The tempera ture  a t  which t h e  f i r s t  c r y s t a l  5 appea r  on eqinil ihri imi 

fEst imates  a re  t h a t  18 t o  19% of t h e  t o t a l  tritium produced would hc 

coo l ing  

removed i n  t h i s  gas .  
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made i n  t h e  primary c i r c u i t  t o  remove and r e t u r n  f u e l  salt. wi thout  opening 

t h e  primary containment  and t o  add f u e l - s a l t  c o n s t i t u e n t s  as r e q u i r e d  to 

m a i n t a i n  t h e  chemical  c o n d i t i o n  of t h e  s a l t .  

2.2 Coolant  C i r c u i t  , 

The secondary ,  o r  c o o l a n t - s a l t ,  c i r c u i t s  f o r  t h e  DMSR would be iden-  

t i c a l  t o  t h o s e  developed f o r  t h e  re ference-des ign  MSBR. The nominal f l o w  

ra te  of t h e  secondary s a l t  ( a  e u t e c t i c  mixture  of Na3F4 and NaF) would he 

about  1 .26 m 3 / s  ( 2 0 , 0 0 0  gpm) i n  each of t h e  f o u r  l o o p s ,  w i t h  a t empera ture  

rise from 4 5 4  t o  621°C i n  t h e  pr imary h e a t  exchangers .  This  s a l t  would be 

used t o  g e n e r a t e  s u p e r c r i t i c a l  steam a t  about  540OC and 25  MPa t o  d r i v e  

t h e  t u r b i n e - g e n e r a t o r  system. '- 
I n  a d d i t i o n  t o  i t s  pr imary f u n c t i o n s  of i s o l a t i n g  t h e  h i g h l y  rad io-  

a c t i v e  primary c i r c u i r  from t h e  steam system and s e r v i n g  as a n  interme- 

d i a t e  h e a t - t r a n s f e r  f l u i d ,  t h e  sodium f l u o r o b o r a t e  sa l t  m i x t u r e  would 

p l a y  a major r o l e  i n  l i m i t i n g  t h e  release of t r i t i u m  from t h e  DMSR sys-  

t e m ,  Engineer ing-sca le  tes ts  i n  1976 (Ref.  L O )  demonstrated t h a t  t h i s  

sa l t  i s  c a p a b l e  of t r a p p i n g  l a r g e  q u a n t i t i e s  of t r i t i u m  and t ransforming  

i t  t o  a less mobile ,  b u t  s t i l l  v o l a t i l e ,  chemical  form t h a t  t r a n s f e r s  t o  

t h e  cover-gas system r a t h e r  t h a n  d i f f u s i n g  through t h e  s team g e n e r a t o r s  

t o  t h e  water system. Consequent ly ,  t h e  m a j o r i t y  of t h e  t r i t i u m  ( -BOX' )  

would be t r a p p e d  o r  condensed o u t  of t h e  secondary c i r c u i t  cover  gas ,  and 

less t h a n  0.2% of t h e  t o t a l  would b e  r e l e a s e d .  

2 . 3  Balance-of-Plant 

The balance-of-plant  f o r  a DMSR p r i m a r i l y  would b e  i d e n t i c a l  t o  t h a t  

f o r  a n  MSBR. Because t h e  same sal ts  and basic parameter v a l u e s  are in-  

vo lved ,  t h e r e  would be no b a s i s  f o r  changing t h e  normal a u x i l i a r y  systems 

r e q u i r e d  f o r  normal p l a n t  o p e r a t i o n .  D i f f e r e n c e s ,  however, could  appear  

i n  some of t h e  s a f e t y  systems.  Because of t h e  lower power d e n s i t y  i n  t h e  

The s u p e r c r i t i c a l  steam c y c l e  a p p e a r s  t o  be p a r t i c u l a r l y  well s u i t e d  
t o  t h i s  concept  because of t h e  r e l a t i v e l y  h i g h  m e l t i n g  tempera ture  ( 3 8 5 O C )  
of t h e  secondary s a l t  and t h e  d e s i r e  t o  avoid  s a l t  f r e e z i n g  i n  t h e  steam 
g e n e r a t o r s .  

+ 



DIISR, t h e  shutdown rFSidual-heat-rernoval (RHR) problem would be less  se- 

v e r e  than  i n  the  MSRR. Consequent ly ,  a less e l a b o r a t e  RBR system than  

would be needed f o r  an  MSBR might be a c c e p t a b l e  f o r  a DIlSR. However, f o r  

purposes  o f  c h a r a c t e r i z i n g  t h e  DMSR, t h e  assumption w a s  t h a t  t h e  ba lance-  

o f -p l an t  would be t h e  same a s  that f o r  a n  FISBR. 

2.4 Fue l  Handl ing and Process i . r . r~  

The performance of an  MSBR wou1.d be s t r o n g l y  dependent  on t h e  a v a i l -  

a b i l i t y  of a n  o n - s i t e  cont inuous  chemical-processing f a c i l i t y  f o r  reinoval 

of  f i s s i o n  p roduc t s  and i s o l a t i o n  of p r o t a c t i n i u m  on r e l a t i v e l y  s h o r t  t i m e  

cyc le s .  These t r e a t m e n t s  would make p o s s i b l e  the achievement of a pos i -  

t i v e  233U breedi-ng g a i n  i n  a system wi th  a low s p e c i f i c  f i s s i l e  inven- 

to ry .  Because a DMSR on a 30-year f u e l  cycle  would no t  r e q u i r e  even nomi- 

nal break-even breeding  and because a s i g n i f i c a n t l y  h i g h e r  f i s s i l e  inven- 

t o r y  could be t o l e r a t e d ,  t h e  p rocess ing  requireiuents  f o r  a 1)MSR would be 

much less s t r i n g e n t  t han  f o r  a n  MSBR. I s o l a t i o n  of p ro tac t in ium would be 

avoided €or  p r o l i f e r a t i o n  r e a s o n s ,  and chemical  p rocess ing  t u  remove f i s -  

s i o n  p roduc t s  could  be avoided wi thou t  s e v e r e  performance p e n a l t i e s .  

Despi . te  t h e s e  concess ions ,  some f i s s ion -p roduc t  removal. would t a k e  

p l .ace  i n  any MSR. Most of t h e  rare g a s e s  (and some other v o l a t i l e  f i s -  

s i o n  p roduc t s )  would be removed by t h e  gas-sparg ing  system i n  t h e  pr imary 

c i r c u i t .  

s i o n  p roduc t s  would be expec ted  t o  p l a t e  o u t  on metal  s u r f a c e s  where t lwy 

would not  a f f e c t  t h e  n e u t r o n i c  performance. However, t h e  r e fe rence -des ign  

reduct ive-ext rac t ion /meta l - t ransfer  p rocess  would no t  be involved .  

In  a d d i t i o n ,  a substant j .a l .  f r a c t i o n  of t h e  noble-metal" f i s -  

Although t h e r e  would be no chemical  p rocess ing  f o r  f i s s i o n - p r o d u c t  

removal ,  t h e  DMSR l i k e l y  would r e q u i r e  a h y d r o f l u o r i n a t i o n  systeiil f o r  

o c c a s i o n a l  (presumably ba tchwise)  t r ea tmen t  of t h e  s a l t  t o  remove oxygen 

contami.nation. I n  a d d i t i o n ,  because a DMSR would r e q u i r e  r o u t i n e  addi -  

t i o n s  of f i s s i l e  f u e l ,  a s  w e l l  as  a d d i c i o n s  of o t h e r  materials necessa ry  

t o  keep t h e  f u e l - s a l t  chemical  composi t ion  i n  p m p e r  ba l ance ,  a chemical  

Mobi l i t y  i s  de f ined  h e r e  i n  r e l a t i o n  t o  t h e  U4+/U3' redox p o t e n t i a l  .k 

( s e e  Sec t .  3.3.2). 
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a d d i t i o n  s t a t i o n  would be r e q u i r e d .  The technology f o r  both  of these 

o p e r a t i o n s  i s  w e l l  e s t a b l i s h e d  arid was e x t e n s i v e l y  demonst ra ted  in t h e  

mol t en - sa l t  reactor exper iment  (NSRE). These and o the r  aspects of t h e  

DMSR f u e l  chemistry are t r e a t e d  in g r e a t e r  d e t a i l  i n  a l a t e r  s e c t i o n .  



3. REFERENCE-CONCEPT DMSR 

A p r e l i m i n a r y  conceptua l  d e s i g n  h a s  been developed f o r  a DMSR oper- 

a t i n g  on a '$0-year f u e l  cyc le .  The emphases t o  d a t e  have been on t h e  re- 

a c t o r  c o r e  d e s i g n  and f u e l  c y c l e ,  w i t h  l ess  a t t e n t i o n  t o  o t h e r  a s p e c t s  of 

t h e  system. Although t h i s  d e s i g n  e s t a b l i s h e s  t h e  b a s i c  concept  and char-  

a c t e r i z e s  i t s  major p r o p e r t i e s ,  i t  i s  t e n t a t i v e  and wculd be s u b j e c t  t o  

major re f inement  and r e v i s i o n  i f  a s u b s t a n t i a l  d e s i z n  e f f o r t  were under- 

taken.  

3.1 Neut ronic  P r o p e r t i e s  
~ 

'['he b a s i c  f e a t u r e s  of t h i s  DMSR concept  which d i s t i n g u i s h  i t  from 

ot1ie-t- MSRs art= e s t a b l i s h e d  p r i m a r i l y  by thc? r e a c t o r  c o r e  d e s i g n  and i t s  

a s s o c i a t e d  neut ron?  c p r o p e r t i e s .  The  d e s i g n  d e s c r i b e d  h e r e  r e p r e s e n t s  

t h e  r e s u l t s  of a f i r s t - r o u n d  e f f o r t  t o  ba lance  some of t h e  many v a r i a b l e s  

involved  i n  a r e a c t o r  c o r e ,  b u t  it i s  by no means a n  opt imized design.  

3.1.1 Neut ronies  c o r e  model 

From a n p u t r o n i c s  p o i n t  of  view, t h e  c o r e  i s  s imply des igned  as f o l -  

l o w s  ( F i g .  2). 

1. The c o r e  and r e f l e c t o r  f i l l  a r i g h t  c i r c u l a r  c y l i n d e r  t h a t  i s  

10 m i n  d i a m e t e r  and 10 m high.  The cocc ,  which i s  a c y l i n d e r  5.3 m i n  

d i a m e t e r  and 8.3 III h i g h  and c e n t e r e d  i n s i d e  t h e  l a r g e r  volume, i s  i i l l e d  

w i t h  c y l i n d r i c a l  g r a p h i t e  l o g s  i n  a t r iangi i lwr  a r r a y  of 0.254-m p i t c h .  

Approximately 95% of t h e  c o r e  ( c o r e  B) has l o g  diameter of 0.254 rn, wikh 

t h e  f l u i d  f u e l  f i l l i n g  t h e  i n t e r s t i t i a l  volume t o  produce a f u e l  volume 

f r a c t i o n  of '1.31%. An a x i a l  c y l i n d r i c a l  h o l e  of 0.051-m diam i n  t h e  cen- 

ter  of each  l o g  admi ts  a n o t h e r  3.63% fuel  f o r  a t o t a l  of 12.94 v o l  %. To 

a c h i e v e  f l a t t e n i n g  of t h e  f a s t  r l u x  and thus maximize t h e  l i f e t i m e  of t h e  

g r a p h i t e  moderator ,  t h e  reiuaining 5% o f  t h e  c o r e  ( c o r e  A ) ,  a c y l i m l e r  3 m 

i n  d iameter  and 3 in h i g h ,  h a s  a l o g  d iamcter  of 0.24 m, r e s u l t i n g  i n  a 

t o t a l  f u e l  volume f r a c t i o n  of 20.002 i n  this zone. 
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Fig. 2. DMSR c o r e  model f o r  neutronic s tud ie s  - cylindrical geometry 
(all dimensions i n  meters). 
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2. The r a d i a l  r e f l e c t o r  i s  g r a p h i t e  0.8 m t h i c k  and i s  a t t a c h e d  t o  

t h e  r e a c t o r  v e s s e l  at t h e  10-rn diam. T h i s  leaves a gap of 0.05 m f i l l e d  

wi th  f u e l  sa1.t sur rounding  tlie c o r e  l a t e r a l l y .  

3 .  The i n l e t  and o u t l e t  p lena  cover  b o t h  the c o r e  and r a d i a l  gap t o  

t h e i r  f u l l  d iameter  and are each 0.20 m t h i c k .  They c o n s i s t  of 50% s t r u c -  

t u r a l  g r a p h i t e  and 50% f u e l .  

4. The a x i a l  r e f l e c t o r s  are each 0.65 m t h i c k  and extend t o  t h e  f u l l  

10-m diam, 

5. A l l  r e f l e c t o r  r e g i o n s  c o n t a i n  a small amount of f u e l  s a l t  f o r  

c o o l i n g ,  which i s  e s t i m a t e d  as 1 v o l  % a t  o p e r a t i n g  tempera ture .  

6 .  A l l  s t a t e d  dimensions are assumed t o  a p p l y  a t  nominal o p e r a t i n g  

c o n d i t i o n s .  During system h e a t u p ,  t h e  l e n g t h  and d iameter  of t h e  c o r e  

v e s s e l  are assumed t o  i n c r e a s e  a t  t h e  r a t e  of expansion of Hastelloy-N. 

The r e f l e c t o r s  are assumed t o  expand a t  t h e  expansion ra te  of g r a p h i t e  

bu t  t o  remain a t t a c h e d  t o  t h e  v e s s e l .  Because g r a p h i t e  expansion i s  less 

than t h a t  of t h e  v e s s e l ,  t h i s  wi1 .1  r e s u l t  i n  a d m i t t i n g  a d d i t i o n a l  s a l t  t o  

t h e  r e f l e c t o r  zones. The c o r e  and plenum r e g i o n s  are assumed t o  expand 

ratlia3.l.y o n l y  a t  t h e  expansion rate of g r a p h i t e ,  which will. e s t a b l i s h  t h e  

t h i c k n e s s  of t h e  r a d i a l  gap. The a x i a l  c o n f i g u r a t i o n  i s  a f f e c t e d  by t h e  

l o g s  f l o a t i n g  upward i n  t h e  s a l t  and by t h e  lower plenum being c o n s t r u c t e d  

so t h a t  i t  always c o n t a i n s  50% sa l t .  The t h i c k n e s s e s  of t h e  c o r e  and t h e  

upper plenum, t h e n ,  i n c r e a s e  a t  t h e  g r a p h i t e  expansion rate,  but  the. lower 

plenum grows a t  such  a r a t e  as t o  span t h e  gap between t h e  c o r e  and t h e  

bottom r e f l e c t o r .  

Mechanical p r o p e r t i e s  used f o r  the p r i n c i - p a l  c o n s t i t u e n t s  are sum- 

marized i n  Table  1. The s a l t  i s  t a k e n  t o  have t h e  nominal chemical  corn- 

p o s i t i o n  shown i n  Table  2. The term " a c t i n i d e s "  i n  t h i s  s t u d y  r e f e r s  t o  

a l l  e lements  of a tomic numbers - > 90 and not  just t o  t ransplu tonium ele- 

meats,  The a c t i n i d e  percentage  i s  s u b j e c t  t o  s m a l l .  v a r i a t i o n s  depending 

on t h e  f u e l  c y c l e  and t h e  h i s t o r y  of t he  fuel.. 

The i n v e n t o r y  of f u e l  s a l t ,  bo th  i n  and o u t  of t h e  c o r e ,  i s  s u m a -  

r i z e d  i n  Table  3 ,  This i s  b e l i e v e d  t o  be a generous estimate of t h e  re- 

q u i r e d  i -nventory f o r  a 1-We system. The thermal  energy y i e l d  p e r  f i s s i o n  

i s  assumed t o  be 190 M s V  f o r  t r a n s l a t i o n  of a b s o l u t e  f i s s i o n  ra tes  t o  ef- 

f e c t i v e  power level. 
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Table  1. Reference p r o p e r t i e s  of f u e l  s a l t  
and moderator  f o r  a DMSR 

I__ 

Char a c t e r i s t i c Value 

1.84 Graphite modera tor  d e n s i t y ,  Mg/m 
3.10 F u e l - s a l t  d e n s i t y ,  Mg/m 

G r a p h i t e  l i n e a r  thermal  expans ion ,  x K-l 4.1 
Vessel l i n e a r  thermal  expans ion ,  x Kel  17.1 
F u e l  v o l u m e t r i c  thermal expans ion ,  x l o w 6  K-I  200 

3 
3 

Table  2. Nomina1 chemica l  composi t ion  
of  DMSR f u e l  s a l t  

Ma t e r i al Molar percen tage  

7 ~ i ~  74.0 

BeF2 16.5 

X F k a  9.5 
F i s s i o n  p roduc t s  Trace 

r e f e r s  t o  a l l  a c t i n i d e s .  

Tab le  3.  DMSK f u e l - s a l t  i n v e n t o r y  

L o c a t i o n  Volume (m3> 
_ _  

Core 5 9 . 4  
Top and bottom plenums 11.1 
Radial gap 10.9 
Re f l e  c t o r s 3.0 
E x t e r n a l  l oop  20.0 

104.0 
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3.1.2 Core d e s i g n  c o n s i d e r a t i o n s  -__ 

The s i z e  of t h e  c o r e  was determined so  as t o  a l l o w  a g r a p h i t e  mod- 

e r a t o r  l i f e t i m e  e q u a l  t o  the d e s i g n  l i f e t i m e  of t h e  p l a n t .  A s  compared 

w i t h  a smaller c o r e ,  t h i s  r e s u l t e d  i n  lower n e u t r o n  l e a k a g e ,  highe-r  inven- 

t o r y  of f i s s i l e  material ,  and lower l o s s  of prota@tiiiium due t o  n e u t r o n  

c a p t u r e .  If h i g h e r  levels  of g r a p h i t e  exposure were i n d i c a t e d  by f u t u r e  

d a t a  o r  d e c i s i o n s ,  a smaller c o r e  would probably be chosen. 

The c i r c u l a r  c y l i n d e r  moderator shape resists bi.ndiag e f f e c t s  that  

can occur  wi th  o t h e r  shapes.  The h o l e  i n  t h e  c e n t e r  i s  s i z e d  t o  p r o v i d e  

d e s i r a b l e  resonarice s e l f - s h i e l d i n g  wi thout  undue thermal  f l u x  d e p r e s s i o n .  

The l a t t i c e  p i t c h  i s  s imply a convenient  one from both  thermal  and neu- 

t r o n i c  p o i n t s  of view, The reduced d iameter  of t h e  c e n t r a l  s e c t i o n  of  t h e  

l o g s  w a s  a d j u s t e d  t o  g i v e  t h e  proper  degree  o f  neut ron  f lux  f l a t t e n i n g .  

There i s  no doubt t h a t  f lux  f l a t t e n i n g  r e s u l t s  i n  more c o r e  leakage ,  

s l i g h t l y  degraded b r e e d i n g ,  and more f l u x  i n  t h e  r e a c t o r  vessel as com- 

pared with an u n f l a i t e n e d  core .  The u n f l a t t e n e d  c o r e ,  however, would 

have a much l a r g e r  volume and much l a r g e r  i-nveniory of f i s s i l e  mater ia l  

f o r  t h e  same maximum n e u t r o n  damage f l u x .  

The thorium c o n c e n t r a t i o n  of t h e  sa1.t has been adjusted t o  g i v e  near- 

optimum long-term convers ion  and a l o w  requirement  for makeup f u e l .  This  

approach l e a d s  t o  a r e l a t i v e l y  h i g h  in--plant  f i s s i l e  i n v e n t o r y ,  which may 

have economic d isadvantages .  Thus, o v e r a l l  o p t i m i z a t i o n  might s u g g e s t  

more f a v o r a b l e  combinat ions of i n v e n t o r y  and makeup. The o t h e r  a c t i n i d e  

c o n c e n t r a t i o n s  are  determined by t h e  v a r i o u s  f u e l i n g  p o l i c i e s  cons idered  

and by t h e  o p e r a t j n g  h i s t o r y  of t h e  f u e l .  

3 . 1 . 3  --.- Neutronics  c a l c u l a t i o n  __I-- approach 

3.1.3. I Overall- s t r a t e g y  

The o v e r a l l  approach w a s  des igned  t o  couple  numerous computer r u n s  

of r e l a t i v e l y  s h o r t  d u r a t i o n .  The o b j e c t i v e s  were good a c c u r a c y ,  rela- 

t i v e l y  quick  computer response ,  and t h e  a b i l i t y  t o  r e p e a t  arid revise d i  F- 

ferent p o r t i o n s  of t h e  procedure as t h e  d e s i g n  evolved, 
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I n i t i a l  scoping  s t u d i e s  showed t h a t  t h e  s e l f - s h i e l d i n g  of thorium and 

238U h a s  a most c r i t i c a l  e f f e c t  on t h e  system n e u t r o n i c s ,  w h i l e  t h a t  of 

t h e  o t h e r  uranium n u c l i d e s  w a s  compara t ive ly  less. C o n c e n t r a t i o n s  of 

p r o t a c t i n i u m ,  neptunium, and plutonium remained s m a l l  enough t o  make se1.f- 

s h i e l d i n g  t r e a t m e n t  of t h o s e  n u c l i d e s  necessary. .  The e f f e c t  of resonance  

o v e r l a p  between 2 3 2 T h  and 2 3 8 U  w a s  of p a r t i c u l a r  i n t e r e s t  and was s t u d i e d  

i n  some d e p t h  u s i n g  t h e  ROLAIDS module of t h e  AHPX code s y s t e m .  l 1  

c o n c l u s i o n s  were t h a t  t h i s  e f f e c t  could  be ignored  s a f e l y  i n  t h e  p r e s e n t  

s t u d y  and t h a t  t r e a t m e n t  of t h e  e f f e c t  would have been burdensome had i t  

been r e q u i r e d .  

The 

S t a t i c s .  A se t  o f  c r o s s  s e c t i o n s  f o r  t h e  more s i g n i f i c a n t  n u c l i d e s  

( T a b l e  4 )  w a s  prepared  based on t h e  ENDF/B Vers ion  4 se t  of s t a n d a r d  c r o s s  

s e c t i o n s . 1 2  

l i s t e d  i n  Table  5. Downscatter from any group t o  any o t h e r  was a l lowed,  

and u p s c a t t e r  between all. groups below 1.86 e V  was a l lowed.  The 123-group 

set  w a s  t h e n  r e p r o c e s s e d  t o  e n f o r c e  s t r i c t  n e u t r o n  c o n s e r v a t i o n .  This  was 

e s p e c i a l l y  impor tan t  i n  t h e  case of g r a p h i t e .  

A t o t a l  of 1 2 3  energy  groups was used ,  w i t h  boundar ies  as 

Table  4 .  Nucl ides  i n  l i b r a r y  
o f  123 energy  groups used 

f o r  DMSR s t u d y  

2 3 2 m  2 3 8 ~  F 

2 3 3 ~ a  2 3 9 %  '7Li 
2 3 3 u  240pu B e  
2 3 4 ~  2 4 1 ~  6Li 

2 3 5 u  2 42% OB 

236u G r a p h i t e  2 3 8 h  

S e l € - s h i e l d i n g  of thor ium and uranium n u c l i d e s  w a s  t r e a t e d  u s i n g  t h e  

NITAWL module of t h e  AMPX code system. The Nordheim i n t e g r a l  t r e a t m e n t  

was s e l e c t e d  i n  each  case. The g e o m e t r i c  parameter  a p p l i c a b l e  t o  t h e  tri- 

c u s p  f u e l  area between t h e  l o g s  w a s  determined by a s p e c i a l  Monte Carlo 

computer code d e v i s e d  by J. R. Knight  of  ORNL.13 F i g u r e  3 i l l u s t r a t e s  



Table 5. XSIIKN 123-group energy  s t r u c t u r e  

1111 ........ .__.. ....... -. .. . . . . 

Bo unda r ie s Bound a r  ie s Rorindaries 
_. . . ...... . .-- Group . Group Group __I_ 

Energya Lethargy  Energy Lethargy Energy Lethargy  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13 
14 
15 
16 
17 
18  
19 
20 
21 
22  
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 

1.4918E07 
1.34991~07 
1.2214E07 
1.1052E07 
1.0000E07 
9.0 948E06 
8.1873E06 
7.4082E06 
6.7032E06 
6.0653E06 
5.4881E06 
4.9659E06 
4.4933E06 
4.0657E06 
3.6788E06 
3.3287E06 
3.01 19E06 
2.7253E06 
2.4660E06 
2.2313E06 
2.0190E06 
1.8268E06 
1.6530E06 
1.4957E06 
1.3534E06 
1.2246E06 
1.1080EO6 
1.0026E06 
9.071 8E05 
8.2085E05 
7.4274E05 
6.7206E05 
6.08 1 OEO 5 
5.5023805 
4.97 87E05 
4.5049E05 
4.0762EO 5 
3.6883805 
3.3373E05 
3.0197E05 
2.7324E05 
2.4724E05 

- 0 . 4 0  
- 4 . 3 0  
-0.20 
4 . 1 0  

0.0 
0.10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 
1.00 
1.10 
1.20 
1.30 
1.40 
1.50 
1.60 
1.70 
1.80 
1.90 
2.00 
2.10 
2.20 
2.30 
2.40 
2.50 
2.60 
2.70 
2.80 
2.90 
3.00 
3.10 
3.20 
3.30 
3.40 
3.50 
3.60 
3.70 

4 3 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
5 4 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
7 I 4  

75 
76 
77 
78 
79 
80 
81 
82  
83 

2.2371E05 
2.0242E05 
1.83 16E05 
1.6573E05 
1.4996E05 
1.3569EOS 
1.2277E05 
1.1109E05 
8.65 17E04 
6.7379604 
5.2475E04 
4.0868E04 
3.1828604 
2.4788E04 
1.9305E04 
1.5034E04 
1.1709E04 
9.1188603 
7.1017E03 
5.5308E03 
4.3074E03 
3.3546E03 
2.6 126E03 
2.0347E03 
1.5846E03 
1.2341E03 
9.6112E02 
7.4852E02 
5.8295E02 
4.5400802 
3.5357E01 
2.7536E02 
2.1145E02 
1.6702E02 
1.3007E02 
1.01 30E02 
7.8893EO 1 
6.1442E01 
4.7851E01 
3.7267E01 
2,9023E01 

3.80 
3.90 
4.00 
4.10 
4.20 
4.30 
4.40 
4.50 
4.75 
5.00 
5.25 
5.50 
5.75 
6.00 
6.25 
6.50 
6.75 
7.00 
7.25 
7.50 
7.75 
8.00 
8.25 
8.50 
8.75 
9.00 
9.25 
9.50 
9.75 

10.00 
10.25 
10.50 
10.75 
11.00 
11.25 
11.50 
11.75 

12.25 
12.50 
12.75 

12.00 

84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 

2.2603E01 
1.7603E0 1 
1.3710E01 
1.0670E01. 
8.31 53E-01 
6.4 7 6 OE -0 1 
5.04 3 5E-0 1 
3.9279E-01 
3.0590E-01 
2.3 82 4E-0 1 
1.8554E-01 
1.7090E-01 
1.5670E-01 
1.4320E-01 
1.2 8 5 OE-0 1 
1.1340E-01 
9.9920E-02 
8.8100E-02 
7.684OE-02 
6.5520E-02 
5.4880E-02 
4.4850E -02 
3.6140E-02 
2.9940E-02 
2 I 4 93 OE -0 2 
2,0710E-02 
1.7980E-02 
1.5980E-02 
1.398OE-02 
1.1980E-02 
9.9700E-03 
8.2300E-03 
6.99OOE-03 
5.9900E-03 
4.99OOE-03 
3.9800E-03 
2.9800E-03 
2.1100E-03 
1.4900E-03 
9.8000E-04 
4.7OOOE-04 

13.00 
13.25 
13.50 
13.75 
16.30 
16.55 
16.80 
17.50 
11.30 
17.55 
17.80 
17.88 
17.97 
18.06 
18.17 
18.29 
18.42 
18.55 
18.68 
18.84 
19.02 
19.22 
19.44 
19.63 
19.81 
20.00 
20.14 
20.25 
20.39 
20*54 
20.73 
20.92 
21,08 
21.24 
21.42 
21,64 
21.93 
22.28 
22.63 
23.05 
23.78 b 

a Exx co r re sponds  t o  loxx. 
bT,ower boundary of  group 123. 
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Fig. 3. Mean chord l e n g t h  2 of f u e l  sur rounding  t r i a n g u l a r  a r r a y s  
of moderator  rods. Circles i l l u s t r a t e  p r e d i c t i o n s  by t h e  4 V / A  r u l e .  

t h e  results of t h i s  t rea tment .  The s a l t  in t h e  plenum and r a d i a l  gap re- 

g ions  w a s  r e p r e s e n t e d  as a 0.05-m p l a n e  environment.  

The r e s u l t i n g  mul t igroup c r o s s  s e c t i o n s  were used w i t h  t h e  XSDRNPM 

module of AMPX t o  accomplish a d i s c r e t e - o r d i n a t e s  c e l l  c a l c u l a t i o n  i n  

t h e  S-4 approximat ion  and t o  accomplish group r e d u c t i o n  t o  t h r e e  energy  

groups ,  as shown i n  Table  6. A s e p a r a t e  c e l l  c a l c u l a t i o n  w a s  performed 

f o r  each of t h e  two l o g  d iameters .  Plenum and gap  c r o s s  s e c t i o n s  were 

weighted over  t h e  spectrum of  t h e  smaller l o g  d i a m e t e r  because i t  lies 

between t h e  s t a n d a r d  d iameter  and t h e  p u r e  s a l t  r e g i o n  i n  hardness .  

The b a s i c  c o n c e n t r a t i o n s  o f  t h e  n u c l i d e s  were based on e s t i m a t e d  

m i d l i f e  c o n d i t i o n s .  A d d i t i o n a l  cases of s e l f - s h i e l d i n g  f o r  t h e  thorium 
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Table 6 .  Few-group energy s t r u c t u r e  
f o r  DMSR n e u t r o n i c  s t u d i e s  

-. ......... ____.........__I-- 

Energy group Energy range 
....... 

F a s t  14.91.8 MeV t o  52.475 e V  
R e  so na nce 52.475 e V  t o  2.3824 e V  
The m a  1 2.3824 e V  t o  0.00047 e V  

and uranium n u c l i d e s  were prepared f o r  u s e  i n  t h e  d e p l e t i o n  and r e a c t i v -  

i . ty  c o e f f i c i e n t  s t u d i e s .  These were weighted over  t h e  n e u t r o n  s p e c t r a  

c a l c u l a t e d  i n  t h e  c e l l  c a l c u l a t i o n .  

The m a c r o s p a t i a l  e f f e c t s  were t rea t r id  u s i n g  the reduced c r o s s  sec- 

t i o n  s e t  wi th  t h e  APC I1 computer c0de.l" 

p r o f l i e s  were found w i t h  m u t u a l l y  c o n s i s t e n t  f l u x  and leakage  r e s u l t s .  

Core h e t e r o g e n e i t y  was t r e a t e d  by t r a n s v e r s e  f l u x  weight ing  of t h e  de- 

t a i l e d  geometry. Reac t ion  parameters  necessary  f o r  bi~i-nup ~ e ~ e  d e t e r -  

mined from t h e s e  r e s u l t s ,  w i t h  c a r e  taken  t o  combine a l l  r e a c t i o n s  rep- 

r e s e n t i n g  a p a r t i c u l a r  n u c l e a r  s p e c i e s  r e g a r d l e s s  of p o s i t i o n s  i n  the 

c e l l  o r  t h e  i d e n t i t y  of t h e  ce1.l involved.  This  i s  c o n s i s t e n t  w i t h  an  as- 

sumption of r a p i d  f u e l  c i r c u l a t i o n  and mixing. 

S e p a r a t e  a x i a l  and r a d i a l  f l u x  

Burnup. A s imple  burnup code, QUAB, w a s  devised  t o  t rea t  t h e  un- 

u s u a l  requi rements  o€ t h i s  s tudy.  Spec;-a1 f e a t u r e s  irnclude t h e  fol low- 

ing.  

1. Su€€ic.i.ent 238U i s  added a t  a l l  Limes t o  m a i n t a i n  t h e  dena tured  con- 

d i t  ion.  

The thorium c o n c e n t r a t i o n  can  be h e l d  c o n s t a n t  by a u t o m a t i c  a d d i t i o n ,  

allowed t o  d e c l i n e  n a t u r a l l y ,  o r  a d j u s t e d  t o  m a i n t a i n  c o n s t a n t  t o t a l  

a c t i n i d e  c o n c e n t r a t i o n .  

2. 

3. P e r i o d i c  a d d i t i o n s  of e n r i c h e d  f i s s i l e  material can be made, 

4.  P e r i o d i c  wi thdrawals  of f u e l  can be made s e l e c t i v e l y  by n u c l i d e .  This  

f u e l  can  be h e l d  unt i l .  t h e  p r o t a c t i n i u m  decays and t h e n  be r e i n s e r t e d  

s e l e c t i v e l y  by n u c l i d e  i n t o  the. machine. The f i r s t  removal i s  re- 

p laced  w i t h  f u e l  i d e n t i c a l  t o  t h e  i n i t i a l  1oadi.ng. 

5.  Enriched material can be added on demand t o  m a i n t a i n  a s p e c i f i e d  re- 

a c t i v i t y  margin. 
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The code c a l c u l a t e s  n u c l i d e  c o n c e n t r a t i o n s ,  t o t a l  i n v e n t o r i e s ,  r e a c t i v i t y ,  

and breeding  r a t i o  as a f u n c t i o n  of t i m e .  
T r e a t i n g  t h e  l e n g t h y  t r a n s p l u t n n i u m  and f i s s i o n - p r o d u c t  c h a i n s  i n  

QUAB was n o t  p r a c t i c a l ;  mul t igroup d a t a  w e r e  n o t  a v a i l a b l e  f o r  many of 

t h e  r e q u i r e d  n u c l i d e s  and were of dubious r e l i a b i l i t y  f o r  o t h e r s .  Tn- 

s t e a d ,  t h e  ORIGEN code15 w a s  used w i t h  a l i b r a r y  of c r o s s  s e c t i o n s "  es- 

p e c i a l l y  d e v i s e d  f o r  i t s  use.  The OBIGEN r e s u l t s  were t h e n  "patched i n t o "  

t h e  QUAB c a l c u l a t i o n  d i r e c t l y .  

The burnup c a l c u l a t i o n  al lowed t h e  c r o s s  s e c t i o n s  o f  thorium and 238U 

t o  vary  c o n t i n u o u s l y  d u r i n g  t h e  c a l c u l a t i o n ;  t h i s  w a s  accomplished by in- 

t e rpo l a t  ion.  

3.1.3.2 E v a l u a t i o n  

A s  d e s i r e d ,  t h e  method provided r e l a t i v e l y  r a p i d  response ,  d e t a i l e d  

t r e a t m e n t  of resonances ,  arid a mul t igroup spectrum and ce l l  t r e a t m e n t .  

&4ll d e t a i l s  of t h e  dena tured  f u e l  c y c l e  were t r e a t e d .  The e x p e d i e n t  o f  

t r e a t i n g  a range  of thorium and 2 3 8 U  d e n s i t i e s  removed t h e  n e c e s s i t y  of 

imbedding t h e  expens ive  and t e d i o u s  resonance  t r e a t m e n t  i n s i d e  t h e  loop  

f o r  v a r y i n g  d e n s i t i e s .  Deciding on t h e  a p p l i c a b l e  range  w a s  no t  d i f f i c u l t  

a f t e r  a few i n i t i a l  tries. 

A system coupl ing  t h e  s p a t i a l  c a l c u l a t i o n  and d e p l e t i o n  could be 

used. Many such  systems are a v a i l a b l e ,  a l t h o u g h  a l l  would r e q u i r e  ex ten-  

s i v e  m o d i f i c a t i o n  f o r  MSR use .  What of t h e  c e l l  c a l c u l a t i o n ?  Table  7 
shows t h e  ce l l  f a c t o r s  from o u r  r e f e r e n c e  case which have been condensed 

t o  t h r e e  energy  groups.  T h i s  i s  c l e a r l y  a heterogeneous  core .  F u r t h e r ,  

t h e  a c t i n i d e  d e n s i t i e s  a r e  c o n t i n u a l l y  changing,  r e s u l t i n g  i n  t i m e -  

dependent  c e l l  f a c t o r s .  S t u d i e s  beyond t h e s e  would be r e q u i r e d  t o  prove 

t h a t  a coupled system could  be worthwhile  wi thout  d i r e c t l y  coupled c e l l  

c a l c u l a t i o n s  . 
The requi rement  t o  "unmix" t h e  r e v i s e d  n u c l e a r  d e n s i t i e s  a f t e r  hav- 

i n g  them lumped t o g e t h e r  d u r i n g  a d e p l e t i o n  s t e p  r e p r e s e n t s  a complica- 
t i o n  t h a t  would t h w a r t  most e x i s t i n g  codes.  However, t h i s  c o m p l i c a t i o n  

must be coupled w i t h  l o g i c  t o  p r o v i d e  i n t e r p o l a t i o n  between c r o s s - s e c t i o n  

sets  r e p r e s e n t i n g  v a r i o u s  s e l f - s h i e l d i n g  s i t u a t i o n s .  With or  w i t h o u t  a n  
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Table  7 .  U n i t  c e l l  f l u x  r a t i o s a  
f o r  r e f e r e n c e  DMSR 

...ill_ .. .- ~ . - . . .  

C e l l  material 
......I__ I_ Energy Core 

zone I n n e r  I n t e r s  t i t i.a 1. Mod era t o r s a l t  sa l t  

F a s t  A 1.14 0.96 1.14 
Resonance A 0.97 1.01 0.97 
Thermal A 0.94 1.03 0.88 

F a s t  R 1.28 0.98 1.12 
Resonance B 0.97 1.00 0.98 
The rma I R 0.88 1.01 0.93 

a 

c e l l  f l u x .  
Average f l u x  i n  material  d iv ided  by ave rage  

imbedded c e l l  c a l c u l a t i o n ,  a n  unusual  code systeiri c l e a r l y  would be  neces- 

s a r y  t o  provide  a f u l l y  s a t i s f y i n g  l e v e l  of  d e t a i l  t o  t h i s  problem. Ob- 

v i o u s l y ,  a t r u e  two-dimensional s p a t i a l  t reatment  of t h e  f l a t  lened c o r e  

woiild be a p p r o p r i a t e ,  bu t  imbedding such  a c a l c u l a t i o n  i n s i d e  a d e p l e t i o n  

l o o p  i s  expensive.  

3.1.4 Once-through system c o n s i d e r a t i o n s  I 

3.1.4.1 Fue l ing  p o l i c y  

For purposes  of n u c l e a r  c a l c u l a t i o n s ,  the f u e l i n g  pol.i.cy f o r  t h e  

once-through DMSR i s  as fo l lows .  

1. Thorium i s  added Lo a n  i n i t i a l  l oad ing  of  s a l t  i n  a s p e c i f i e d  concen- 

t r a t i o n .  During o p e r a t i o n ,  t h e  c o n c e n t r a t i o n  i s  a l lowed t o  d e c l i n e  

v i a  burnup. Near t h e  end of p l a n t  l i f e ,  small amounts are  removed as 

r e q u i r e d  t o  keep t h e  t o t a l  a c t i n i d e  c o n t e n t  below t h e  s t a r t u p  va lue .  

2 .  Uranium i s  added a t  t h e  maximum allorwable enrichment  i n  the  amount 

ncccssa ry  t o  ma in ta in  c r i t i c a l i t y .  
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3. A d d i t i o n a l  2 3 8 U  i s  added as r e q u i r e d  t o  m a i n t a i n  t h e  d e n a t u r i n g  

i n e q u a l i t y *  

d e n s i t y  238Ll I > (6  x densi. ty 2 3 3 U )  + ( 4  x d e n s i t y  2 3 5 U )  . 
4 .  Removal. o f  c e r t a i n  f i s s i o n  p r o d u c t s  i s  accomplished accord ing  t o  

Table  8. 

Table  8. Removal t i m e s  f o r  f i s s i o n  products  
i n  once-through c y c l e s  

F iss ion-product  
group E 1 emen t Removal 

time 

Noble g a s e s  K r ,  X e  50 s 

Seminoble and Zn, C a ,  G e ,  As, Nb, 2.4 h 
noble  m e t a l s  Mo, Tc, Ru,  Rh, Pd ,  

A g ,  Cd, In, Sn, Sb 

3.1.4.2 I Fiss ion-product  bu i ldup  

A s t u d y  of 30-year f i s s i o n - p r o d u c t  b u i l d u p  was made as  a f u n c t i o n  of 

v a r i o u s  cont inuous  removal rates f o r  t h o s e  products  n o t  l i s t e d  i n  Table  8 ,  

The r e a c t i v i t y  e f f e c t  may be s a t i s f a c t o r i l y  r e p r e s e n t e d  by 

d p / d t  = Y - ( A  + R ) p  , 

where 

p = f i s s i o n - p r o d u c t  r e a c t i v i t y  e f f e c t  (%),  

t = t i m e  ( y e a r ) ,  

Y = y i e l d  (0 .93%/year ) ,  

A = burnout ra te  (6.8 y e a r ) - l ,  

R = removal ra te  (year-1).  

Other  n o n f i s s i l e  uranium n u c l i d e s  f u r t h e r  d i l u t e  the 2 3 3 U ;  d i l u -  * 
t i o n  t o  1 2 %  2 3 3 U  may r e q u i r e  a d d i t i o n a l  238U.  
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The f i t  t o  d a t a  r e p r e s e n t i n g  f o u r  removal times from f i v e  y e a r s  t o  i n f i n -  

i t y  had an a b s o l u t e  s l anda rd  d e v i a t i o n  of  0.28%, wkich was cons idered  

adequate .  S t u d i e s  us ing  t h i s  model i n d i c a t e d  t h a t  removal times of  a few 

y e a r s  bu t  s h o r t p r  t han  i n f i n i t y  w e r e  no t  worthwhile ,  and the  r e s u l t s  of 

t l ~ i s  s e c t i o n  assume R = 0. 

3.1.4.3 TransDlutoniam e f f e c t s  

A d e t a i l e d  s t u d y  of  t r ansp lu ton ium e f f e c t s 9  was made, and  t h e  con- 

c l u s i o n  was reached t h a t  t h e  r e su l r i . ng  f i s s i l e  p roduc t ion  on ly  p a r t i a l l y  

o f f s e t s  t h e  cap tu re .  The ba lance  i.s less  fa-vora'o1.e than  i n  r e a c t o r s  of 

h i g h e r  power d e n s i t y  because of  t h e  p a r t i a l  decay o f  244Cm t o  2 4 0 P ~ 9  which 

h a s  compara t ive ly  less  va lue .  

produced from 239Pu i s  jo ined  by 0.11 add i - t i ona l  atoms froiii t h e  decay o f  

244Cm. 

plutonium e f f e c t ,  4.0 a d d i t i o n a l  ahsorp t ior i s  and 3.2 a d d i t i o n a l  f i s s i o n  

neu t ro  n s  u l  t i m a  t e 1.y res u l  t . 

The s t u d y  showed t h a t  each  atcm of 240Pu 

F o r  each n e u t r o n  a b s o r p t i o n  i n  242Pu c a l c u l a t e d  wi thout  t h e  t r a n s -  

Although t h e  a c t u a l  ti.me e f f e c t s  a r e  compl ica ted ,  t h e  n e t  e f f e c t  w a s  

approximate ly  r e p r e s e n t e d  a s  a n  a d d i t i o n a l  f i c t i t i o u s  nuc l . ide ,  which w a s  

produced by c a p t u r e  i n  242Pu a n d  had t h e  a b s o r p t i o n  c r o s s  s e c t i o n  of 2"2Pu 

and no progeny. T h i s  would be s l i g h t l y  c o n s e r v a t i v e  a t  e q u i l i b r i u m  and 

probably  a t  ea r l i e r  times a l s o .  

3.1.5 S t a t i c  n e u t r o n i c  resu l t s  -. . . . . .. . . ... . . . . . . . 

3.1.5.1 Inven to ry  and neu t ron  u t i 1  i z a t i o n  ._._... - -_....I _l_l_l___ 

Table 9 i n d i c a t e s  t h e  i n v e n t o r y  of a c t i n i d e s  a t  t h e  beg inn ing ,  mid- 

d l e ,  and end o f  the 30-year o p e r a t i n g  p e r i o d ,  assuming a 75% c a p a c i t y  fac-  

t o r .  The h igh  i n i t i a l  l o a d i n g  of 2 3 5 U  i s  1.argely r ep laced  by 2 3 3 U  bred  by 

t h e  system i n  the  f i r s t  h a l f  of t h e  l i f e t i m e .  To:+~ard t h e  end of l i f e t i m e ,  

e n r i c h e d  uranium a d d i  t i  ons r e q u i r e d  t o  o v e r r i d e  f i ss i on-product bu i  ldi ip  

c a u s e  a f i n a l  i n c r e a s e  i n  bo th  tihe " 3 5  and 238U c o n t e n t .  The plutonium 

i n v e n t o r y  i s  never  l a r g e  because  of i t s  h i g h  c r o s s  s e c t i o n  i n  t h i s  spec- 

trum. 

Table  10 shows t h e  m i d l i f e  neutroil  u t i l i z a t i o n  in fo rma t ion .  Note the 

low c a p t u r e  r a t e  i n  nonfue l  s a l t  c o n s t i t u e n t s  (0.0153) and t h e  f i s s i o n -  
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Table  9. A c t i n i d e  i n v e n t o r i e s  i n  DMSR fuel. sa l t  

Inventory  ( k g )  

B0LU b NOL 

110,000 
0 
0 
0 

3,450 
0 
0 

14 ,000  
0 
0 
0 
0 
0 

103,000 
45 

1 ,970  
372 

1,020 
66 1 

7 5  
19,600 

179 
I02 
76 
99 
36 

T o t a l  a c t i n i d e s  
F i s s i l e  uranium 
T o t a l  f i s s i l e  

127,000 
3,4.50 
3 , 4 5 0  

127,000 
2,990 
3,440 

92,900 
38 

1,910 
596 

I ,  250 
978 
136 

28 600  
231 
133 
100 
179 
93 

127,000 
3,160 
3 ,490  

a Beginning-of - l i fe  

b ~ i  dale-o f-  i f e  . 
End-of- 1 if e. c 

'Nuclide t r e a t e d  as f i s s i l e  i n  i n v e n t o r y  
c a l c u l  a t ion. 

product  c a p t u r e  ra te  ( 0 . 0 5 6 3 ) .  

p l a c e  i n  2 3 a U  and i t s  progeny,  even though t h e y  comprise  o n l y  9.8% of t h e  

f i s s i l e  i n v e n t o r y .  I n  s p i t e  of t h e  h i g h  v a l u e  of v f o r  t h e s e  n u c l i d e s ,  

t h e y  would n o t  be a s u f f i c i e n t  f u e l  wi thout  t h e  thorium c h a i n .  The s l i g h t  

c o n t r i b u t i o n  of t h e  t r a n s p l u t o n i u m  n u c l i d e s  t o  t o t a l  mass has been ignored ,  

and t h e  a b s o r p t i o n  v a l u e  shown f o r  t h i s  n u c l i d e  group i s  a n e t  of ahsorp- 

t i o n s  less f i s s i o n s .  

241h, a poor f u e l .  

c a u s e  each such  atom o t h e r w i s e  would r e s u l t  i n  a h i g h l y  p r o f i t a b l e  

f i s s i o n .  

A t o t a l  of 22.2% of t h e  f i s s i o n  t a k e  

About 4% of t h e  241Pu i s  l o s t  th rough decay t o  

The c a p t u r e  i n  233Pa i s  p a r t i c u l a r l y  expens ive  be- 
2 3 3 u  
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Table 10. Nuclide concentrations and neutron utilization 
after 15 years of DMSR operation 

Nuclide 
U 

Concentration Neutron Fission 
( x  i o z 4 )  absorpt i onh fraction 

232Th 
2 3 3pa 

234u 

236u 

7Np 
238u 
2 3 gPu 

233u 

2 3 5:, 

J+ OPU 
24 IPU 
2't2pU 

2,561 
1.13 
49.0 
9.21 
25.1 
16 .2  
1.83 
476 
4.34 
2.46 
1.84 
2.38 

0.882 

0.2561 
0.0018 
0.2[+83 
0.0120 
0.1161 
0.0075 
0.0047 
0.0901 
0.0896 
0.0324 
0.0293 
0.0039 
0.0014 
0.0024 

0.0017 
0.0000 
0.5480 
0.0002 
0.2272 
0.0001 
0.0000 
0.0017 
0.1578 
0.0001 
0.0628 
0.0001 

0.0003 

Total actinides 

Fluorine 
T.,i thium 
Re ryl 1 i urn 

48,000 

5,470 
24,500 

0.8956 

0.0079 
0.0062 
0.0012 

1.0000 

Graphite 
Fission products 

9 2 , 2  7 0 

0.9109 

0.0172 
0.0563 

Total 0.9844 

0.0070 
0.0033 
2.2427 
0.0143 
1.9894 
0.0168 
0.0102 
0.0194 
1.7905 
0.0032 
2.1754 
0.0136 

0.1245 

a 

"Absorption p e r  neutron born; leakage is 0.0156. 

Nuclei per cubic meter of salt o r  moderator. 

c 
Tncludes 240Pu9 241Pu, and 242Pu produced from a decay of 

244cm. 

3.1.5.2 Flux and power distributions . . . . . . . . . . . . . . . .. . . . asid . . . . . . . _ _  graphite ... .. . . .. . . lifetime ... . . . . . .- ~ ... . . . ... ... .... . . .. 

The relative fast flux (E > 52.4 keV) and power-peaking factors are 

given i n  Table 11. These factors include the effects of flattening. F o r  

comparison, the o v e r a l l  fast flux peaking in an unflattened core would be 

-2.3; the neutron leakage, however, would be only 0.8% vs 1.56% for this 

core. 
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R e l a t i v e  power d i s t r i b u t i o n s  ( F i g .  4 )  show no s e r i o u s  problems. The 

A power peak p e r  u n i t  of c o r e  peak occur s  i n  t h e  wel l -cooled i n n e r  zone. 

volume occur s  i n  t h e  gap  between the  c o r e  and the  r e f l e c t o r ,  b u t  t h e  power 

pe r  u n i t  volume of  s a l t  i s  a c t u a l l y  r e l a t i v e l y  l o w  i n  t h a t  r eg ion .  

Tab le  11. Neutron f l u x  and 
power-peaking f a c t o r s  

Fast :  f l u x  Power 

R a d i a l  1.32 1.36 
Axial 1.15 1.15 
OveraL 1 1.52 1.56 

1 5  

> 
(0 z 
W 
0 

t 

ORNL i;WG 80 4265 FTD 

I I I I I I I I 

KADIAI.---\ 

= 1 0  

3: 
W 

2 

4 

W 

b- 
3 

W 
z 

0.5 

CORE A (20'% SALT)  COKE B (129% S.4I.T) 

a 1  

3: 
W 

2 
W 

3 

4 
W 
z 

0 

I I I I I 
0 0 5  1 1 5  2 1 5  3 3 5  4 

DISTANCE FROM cEwrER OF COHE (ITI) 

3 5  

F i g .  4.  DMSR r e l a t i v e  power-density d i s t r i b u t i o n .  Axial and r a d i a l  
p r o f i l e s  are s e p a r a t e l y  and a r b i t r a r i l y  normalized.  
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The a b s o l u t e  maximum f a s t  €lux i s  of s p e c i a l  i n t e r e s t  because of i t s  

e f f e c t  i n  l i m i t i n g  t h e  g r a p h i t e  l i f e t i m e  and,  t l i ias,  i n  d e f i n i n g  t h e  c o r e  

s i z e .  The maximum damage f l u x  c a l c u l a t e d  i n  t h i s  s t u d y  o c c u r s  n e a r  t h e  

edge of t h e  i n n e r  c o r e  and i s ,  a t  f u l l  power, 

+max = 3.9 x 1017 n e u t r o n s  m-* s-l (3.9 x 1 0 1 3  n e u t r o n s  em--' s - l )  . 
I n  30 y e a r s  a t  75% c a p a c i t y  f a c t o r ,  t h i s  l e a d s  t o  a f l u e n c e  of 2.7 x 

crnV2), which i s  w e l l  below t h e  nominal g r a p h i t e  m-* (2-7 x 

damage l i m i t  of 3 x lo2' m-2 (3  x l o z 2  

3.1.5.3 - S p e c t r a l  _- ._. ._ and c r o s s - s e c t i o n  e f f e c t s  

A summary of r e l a t i v e  a b s o r p t i o n s ,  f i s s i o n  neut ron  product ions ,  and 

neut ron  f lux  by energy group i s  shown i n  Table  1 2 .  Many of t h e  c a p t u r e s  

a re  i n  t h e  resonance range ,  l a r g e l y  i.n thorium and 238U7 which l e a d s  t o  a 

l a r g e r  a b s o r p t i o n  f r a c t i o n  i n  t h a t  group. I n  c o n t r a s t ,  most of  t h e  E i s -  

s i o n s  a r e  caused by thermal  neut rons .  

Table  1 2 ,  S p e c t r a l  d i s t r i b u t i o n  i n  
n e u t r o n i c  e f f e c t s  i n  a DMSR c o r e  

Neutron Re la t ive  F r a c t i o n  of F r a c t i o n  of 
energy neut ron  n e u t r o n  f i s s i o n  n e u t r o n s  
g rou P f lux  a b s o r p t i o n s  produced 

F a s t  66 0.014 0.007 
Resonance 131 0.290 0.087 
The r m a  1 134 0.676 0.906 

Of spec ia l  i n t e r e s t  a r e  t h e  resonance c r o s s  s e c t i o n s  of 232'1% and 

238U, because t h e s e  l a r g e l y  deieermine t h e  r e l a t i v e  weight  of t h e  high- 

y i e l d  232Th breeding  c h a i n  vs t h e  lower-yield 238U chain .  Tab1.e 1 3  shows 

t h e  e f f e c t  of  t h e  lumping parameter  II on t h e s e  d a t a  a t  t y p i c a l  densi t ies .  

This shows t h a t  t h e  s p e c t r a l  d i f f e r e n c e  between the ce l l s  of  c o r e  zones A 

and B ( F i g .  2 )  g i v e s  a lower 238U c a p t u r e  e f f e c - t  i a  t h e  h a r d e r  spectrum 

I 
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Table 13.  E f f e c t  of lumping on key 
resonance  c r o s s  s e c t i o n s  

- R ua(232Th) ~ J ~ ( ~ ~ ~ U )  - Cra ( 2 3 Core S a l t  zone 
zone a i n  c e l l  (cm> ( b a r n s )  ( b a r n s )  oa( 232Th) 

- _ _  

A I n n e r  2.540 2.44 7.86 3.22 
A Outer  2.032 2.51 7.96 3,17 
B Snne r 2.540 2.42 7 * 9 6  3.29 
R Outer 1.022 3.14 10.6 3.38 
Gap 5.0 2.14 6.6 3.08 

a 
See F i g .  2 f o r  i d e n t i f i c a t i o n  of core zones. 

- 
of  zone A ,  as judged by t h e  two zones with R = 25.4 m. To estimate t h e  

e f f e c t  on n e u t r o n  y i e l d ,  t h e  232Th c h a i n  h a s  an ult imate y i e l d  i n  a par- 

t i c u l a r  s i t u a t i o n  of 1 .06 n e u t r o n s  p e r  c a p t u r e  i n  232Th9 w h i l e  t h e  y i e l d  

of  2 3 8 U  i s  o n l y  0.84 (Ref.  9 ) .  With-40% of t h e  f e r t i l e  c a p t u r e  i n  238U, 

as it i s  € o r  t h e  p r e s e n t  sys tem,  a 10% i n c r e a s e  i n  t h e  238-to-232 c a p t u r e  

r a t i o  would reduce  n e u t r o n  y i e l d  by -0.5%. Accordingly,  t h e  v a r i a t i o n  i n  

Table  1 2  i s  n o t  a l a r g e  effect .  Even though c e l l  geometry changes t h e  

c r o s s  s e c t i o n s  s i g n i f i c a n t l y ,  t h e  232Th and 2 3 8 U  changes approximate ly  

c a n c e l  each  o t h e r .  

Another v a r i a b l e  of i n t e r e s t  i s  t h e  d e n s i t y  of the f u e l - s a l t  heavy 

Table  9 shows t h a t  238U d e n s i t y  approximate ly  d o u b l e s  during n u c l i d e s .  

t h e  l i f e  of t h e  system, and t h i s  is not  accompanied by a cor responding  

change i n  232Th. 

d a t a  vs  d e n s i t y  a re  shown i n  Table  14 f a r  t h e  case of c o r e  zone A w i t h  = 

25.4 mm. 

s i t y  and c r o s s  s e c t i o n  I n c r e a s e s  by on ly  28%. 

creases by 129%, and t h e  product  i n c r e a s e s  by only 57%, t h u s  i l l u s t r a t i n g  

t h a t  n u c l i d e  d e n s i t y  and i t s  e f f e c t  on resonance  c r o s s  s e c t i o n  are b o t h  

l a r g e ,  b u t  p a r t i a l l y  c a n c e l l i n g ,  e f f e c t s .  A similar t a b l e  f o r  o t h e r  nu- 

c l i d e s  f o r  which resonances  were c a l c u l a t e d  shows r e l a t i v e l y  less  lnf1.u- 

e n c e  of n u c l i d e  d e n s i t y  on c r o s s  s e c t i o n  ( T a b l e  15) .  

Varying over a range  of r e a s o n a b l e  i n t e r e s t ,  resonance  

While t h e  232Th d e n s i t y  i n c r e a s e s  by 51%, t h e  product  of den- 

For 238U, t h e  d e n s i t y  in-  



28 

Table  1 4 ,  E f f e c t  of n u c l i d e  d e n s i t y  
on key resonance  cross s e c t i o n s  

- 
N "a N% 

( nucle i /m3)  (ba rns )  (n1-l) Nucl i d e  

238" 

2T12 2200 
2400 
2582 
2800 
3318 

3 5 0 
481 
650 
72 2 
800 

2,61 
2.51. 
2.44 
2.37 
2.21 

9.03 
7.86 
6.85 
6.32 
6.22 

0.5742 
0.6048 
0.6300 
0.6636 
0.7332 

0.3160 
0.3781 
0.4452 
0.4563 
0.4976 

Table 15, E f f e c t  of n u c l i d e  d e n s i t y  on 
o t h e r  resonance  c r o s s  s e c t i o n s  

Concen t r a t ion  "a AN/N A ( N a  )/(Noa) 
nuclei./m3) (ba rns )  ( % >  ?% 1 Nucl ide  

2 3 3 u  
2 3 3 u  

234u  
2 3 4 ~  

235" 
2 3 5 ~  

2 3 6 u  
2 3 6 ~  

47.2 
55.0 

8.62 
15.8 

25,9  
40.8 

16,4  
26.3 

33.3 
32.7 19 17 

39.9 
35.6 83 64 

27.5 
27.3 58 56 

22.9 
21.1 60 48 

S p e c t r a l  e f f e c t s  are a l s o  impor t an t ,  because  a more thermal  spe r t rum 

improves t h e  n e u t r o n  y i e l d  of b o t h  2 3 3 U  and  2 3 5 U  b u t  a l s o  r e s u l t s  i n  more 

p a r a s i t i c  c a p t u r e  i n  t hese  f i s s i l e  n u c l i d e s .  To i l l u s t r a t e  this, Tab le  16  

shows t h e  e f f e c t i v e  nr~111:ron y i e l d  f o r  t h e  ha rd  spec t rum oE c o r e  A vs  t h e  

s o f t  spec t rum of c o r e  B. 

r e l a t i v p l y  l i t t l e  change,  the o v e r a l l  r a t i o  shows a 3% i n c r e a s e  i n  y i e l d  

because  of t h e  s o f t e r  s p e c t r u m .  

While v(Jf/Oa w i t h i n  ~ n c h  neu t ron  group shows 
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Tab le  14. E f f e c t  of n e u t r o n  spectrum 
on n e u t r o n  y i e l d  f o r  homogenized 

c e l l  material 

Neutron 

group 

Core Neutron y i e l d  index a energy  
zone WJf/rJa) 

A Resonance 0.338 
A The r m a  1 1.442 
A O v e r a l l  I e 050 
B R e  sonanc e 0.330 
B The rrna 1 1 432 
B O v e r a l l  1.080 

See Fig.  2 f o r  i d e n t i f i c a t i o n  o f  a 

c o r e  zones. 

3.1.6 Burnup r e s u l t s  

3 .1 .4-1 R e a c t o r  f u e l  c y c l e  

The t i m e  h i s t o r y  of t h e  f u e l  c y c l e  i n  t h e  DMSR p rov ides  some i n s i g h t  

i n t o  t h e  uranium r e s o u r c e  u t i l i z a t i o n  i n  t h i s  concept .  The a v a i l a b l e  re- 

a c t i v i t y  i n  t h e  c o r e  (F ig .  5 )  shows a n  i n c r e a s e  du r ing  t h e  f i r s t  y e a r  as 

t h e  i n v e n t o r y  of 2 3 3 U ,  a more e f f i c i e n t  f u e l  t han  2 3 5 U ,  b u i l d s .  

r ise would have t o  be c o n t r o l l e d  s o  t h a t  f u e l  consumption w a s  minimized, 

Thus, a temporary removal of some dena tu red  f u e l  o r  a d d i t i o n s  of f e r t i l e  

m a t e r i a l  might  be  more e f f e c t i v e  t h a n  i n s e r t i o n  of s imple  neu t ron  poisons .  

A f t e r  t h e  f i r s t  y e a r ,  t h e  r e a c t i v i t y  begins  t o  d e c l i n e  as f i s s i o n - p r o d u c t  

po i son ing  i n c r e a s e s  and overcomes t h e  2 3 3 U  e f f e c t .  

q u e n t l y  k e p t  above 1.0 by p e r i o d i c  a d d i t i o n s  of makeup f u e l ,  c o n t a i n i n g  

20% e n r i c h e d  235U. 

This  

R e a c t i v i t y  i s  subse-  

The n e t  conve r s ion  r a t i o  of t h e  system ( f i s s i l e  p roduc t ion  d iv ided  

by f i s s i l e  consumption) ,  which i s  shown i n  Fig. 6 ,  undergoes a much more 

p e r s i s t e n t  rise t h a t  las ts  about  f i v e  y e a r s  b e f o r e  a g r a d u a l  d e c l i n e  sets 

i n  t h a t  l as t s  u n t i l  t h e  end of t h e  30-year c y c l e .  Much of t h i s  d e c l i n e  

i s  a t t r i b u t a b l e  t o  n e u t r o n  poisoning  by 2 3 8 U ,  which is added w i t h  t h e  
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Fig. 5 .  T i m e  v a r i a t i o n  of core r e a c t i v i t y  i n  a once-through DMSR 
o p e r a t i n g  a t  75% c a p a c i t y  f a c t o r .  
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Fig. 6. Conversion r a t i o  v s  tiuie. 

makeup f u e l .  

c y c l e  i s  c l o s e  t o  0.8. 

The l i f e t i m e  average convers ion  r a t i o  f o r  t h e  30-year f u e l  

The schedule  of fue l  a d d i t i o n s  i n c l u d i n g  t h e  i n i t i a l  c r i t i c a l  l o a d -  

i n g  f o r  a 1-GWe p l a n t  o p e r a t i n g  a t  n 752 c a p a c i t y  f a c t o r  i s  s h o r n  i n  Table  

17. This t a b l e  a l s o  i n c l u d e s  t h e  q u a n t i t i e s  of t h e  U308 and s e p a r a t i v e  

work r e q u i r e d  t o  supply  the f i s s i l e  material .  Thus, t h e  l i f e t i m e  o r e  re- 

quirement  would b e  about  2000 tons  of U30, i f  no c r e d i t  were all-owed f o r  

t h e  end-of - l i fe  f i s s i l e  inventory .  However, uranium is  r e a d i l y  recover-  

a b l e  from t h i s  f u e l  i n  a pure and r e u s a b l e  form as UF6. 

uranium would have t o  be r e e n r i c h e d ,  e i t h e r  by i s o t o p i c  s s p a r a t i o n  o r  by 

a d d i t i o n  of high-enrichment f u e l ,  b e f o r e  i t  could be reused  i n  a n o t h e r  

DFf§R, bu t  r e u s e  i n  some manner might be p r e f e r a b l e  t o  d i s c a r d i n g  t h e  

The recovered 
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Table 17. Fue l  a d d i t i o n  s c h e d u l e  f o r  once-through DMSB 

S e p a r  a t  i ve wo I: k. 

( l o 3  kg)  

238U added 2 3 %  added u308 requirement  requirement 
(kg) (kg)  ( M ? Z I a  

Year 

0b 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
1 7  
18 
19 
20 
21 
22 
23  
24 
25 
26 
27 
2 8  
29 

1 4 , 0 0 0  
0 

174 
105 
890 

0 
82 2 

0 
822  
822 

0 
822 
822 
822 
822 
822 

0 
822 
82 2 
822 
822 
822 
822 
822 
82 2 
822 
822 
82 2 
822 
82 2 

Total 32,400 

3 , 4 5 0  
0 
0 
0 

203 
0 

203 
0 

203 
203 

0 
203 
203 
2 0 3  
2 03 
203 

0 
203 
203 
203 
203 
203 
203 
203 
203 
2 0 3  
203 
203 
203 
203 

788 
0 
0 
0 

46.4 
0 

46.4 
0 

46.4 
46.4 

0 
46.4 
46.4 
46.4 
46.4 
46.4 

0 
46.4 
46.4 
46.4 
46.4 
46.4 
46.4 
46.4 
46.4 
46.4 
46.4 
46.4 
44.4 
46.4 

789 
0 
0 
0 

46.4 
0 

46.4 
0 

46.4 
46.4 

0 
46.4 
46.4 
46.4 
46.4 
46.4 

0 
46.4 
46.4 
46.4 
46.4 
46.4 
46.4 
46.4 
46.4 
46.4 
4 6 - 4  
46.4 
46.4 
46.4 

7,920 1,810.0 1,810.0 

a 
1 Mg = 1.102 s h o r t  tons. 

Initial l o a d i n g  . b 
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“ s p e n t ”  f u e l .  I f  c r e d i t  were al lowed f o r  the r e s i d u a l  f i s s i l e  uranium 

i n  t h e  s a l t  (p lu tonium presumably would n o t  be  r ecove red ) ,  t h e  n e t  IJ308 

requi-rement wou1.d be  reduced by a lmost  one-half .  

The temporal  d i s t r i b u t i o n  of f u e l  requi rements  i n  a DMSR i s  a l s o  

s i g n i f i c a n t .  The d a t a  i n  Table  17 show t h a t  on ly  aboiit 36% of  t h e  makeup 

f u e l  i s  r e q u i r e d  d u r i n g  the f i r s t  15  y e a r s  of t h e  c y c l e ;  the major  demand 

occur s  toward t h e  end-of - l i fe .  Thus, i f  t h e  r e a c t o r  were ope ra t ed  a t  a 

lower c a p a c i t v  f a c t o r  i n  l a t e r  y e a r s ,  t h e  U308 requi rement  could  be re- 

duced f u r t h e r  o r  t he  p l a n t  c a l e n d a r  l i f e t i m e  could be extended.  The ad- 

van tage  a s s o c i a t e d  w i t h  the t i m e  d i s t r i b u t i o n  of t h e  makeup f u e l  r e q u i r e -  

ment i s  p a r t l y  o f f s e t  by t h e  l a r g e  in i t . i . a l  f u e l  l oad ing  and the h i g h  i.n- 

p l a n t  f i s s i l e  i nven to ry .  The re fo re ,  a n  opti.mum f u e l  c y c l e  might conceiv-  

a b l y  ba l ance  a lower i n i t i a l  l o a d i n g  (and i n v e n t o r y )  having a lower n e t  

conve r s ion  r a t i o  a g a i n s t  a h i g h e r  requi rement  f o r  makeup f u e l .  There ap- 

p e a r s  t o  be some l a t i t u d e  f o r  o p t i m i z a t i o n  of t he  f u e l  c y c l e  i n  t h i s  area. 

* 

3,1.6.2 P o t e n t i a l .  f o r  improvement ..~..~.........I__ 

V h i l e  t h e  f u e l  u t i l i z a t i o n  of t h i s  concep tua l  system compares favor-  

a b l y  wi th  t h a t  of  o t h e r  r e a c t o r  sys tems,  some f u r t h e r  improvements may be 

p o s s i b l e .  Only a l i m i t e d  range of f u e l  volume f r a c t i - o n s  and c o r e  zone 

s i z e s  has been cons ide red  f o r  t h i s  c o r e ,  and o t h e r  v a l u e s  cou ld  l e a d  t o  

h i g h e r  performance. However, t h e r e  appea r s  t o  be  l i t t l e  p o t e n t i a l  b e n e f i t  

i n  u s ing  more t h a n  two c o r e  zones. 

The a c t i n i d e  c o n t e n t  of  t h e  s a l t  i s  thought  t o  be nea r  optimum f o r  

long-term, high-performance conve r s ion ,  b u t ,  as impl ied  p r e v i o u s l y ,  an- 

o t h e r  c o n c e n t r a t i o n  might  be  b e t t e r  f o r  the 30-year cyc1.e. C e r t a i i d y ,  

some improvement i.n f u e l  u t i l i z a t i o n  would come from r e l a x i n g  the re- 

quirement  f o r  2 3 8 U  c o n t e n t  e i t h e r  of  t h e  system i n  o p e r a t i o n  o r  of t h e  

makeup material  be ing  added. Table  18 shows t h e  approximate e f f e c t  of 

t h e s e  c o n s t r a i n L s  on 2 3 5 U  requirementss .  

f u l l y  d e n a t u r e  t h e  makeup f e e d  mater ia l  has on ly  a small e f f e c t  on t h e  

Removing t h e  requirement  t o  

f u e l  requirement .  S i m i l a r l y  i n c r e a s i n g  t h e  al lowed enrichment  of 233u 

“This  i s  f r e q u e n t l y  done i n  e l e c t r i c  power s t a t i o n s  as newer and 
cheaper  p l a n t s  are b u i l t .  
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Table 18. Effects of denaturing on 
30-year cycle performance 

Total 
In-core 2.3 su 23s 

2 3 5 ~  

2 3 5 ~  
enrichment in3 t ial feed 

feed I loading requirement 
enrichment 2 3 5.0. 233u (kg) (kg) (kg) 

0.1 
0.2 
0.4 

0.2 
0.2 
0.2 

0.2 
0.2 
0.2 

0.2 

1 

0.2 
0 .2  
0.2 

0.2 
0.2 
0.2 

0.1 
0.2 
0.4 

1 

1 

0.142828 
0.142828 
0.142828 

0.07 14 14 
0.142828 
0.285656 

0.142828 
0.142828 
0.142828 

I 
1 

3450 
34 50 
3450 

3450 
3450 
3450 

3980 
3450 
3040 

2800 

2800 

5120 
4470 
4260 

4670 
44 70 
4470 

5120 
4470 
4670 

4060 

2800 

8570a 
7920 
7 7 1 0  

8120a 
7920 
7920 

9100a 
7920 
7710 

6860 

5600 

%enotes reference conditions. 

in the core has little effect. Only complete removal of all enrichment 

constraints would achieve an important fuel saving of 29%. Thus, the re- 

quirement for denaturing cannot be regarded as an overriding limitation 

on the potential performance of this fuel cycle. 

3.1.7 Dynamic effects 

The dynamics of the DMSR would be dominated by the following factors: 

1. a prompt, negative fuel-temperature coefficient of reactivity; 

2. a slow, positive moderator-temperature coefficient of reactivity; 

3 .  

4 .  an interaction between fuel-salt flow rate and the neutronic response 

of the core caused by the sweeping of  delayed neutron emitters out of 

the core; 

a long fuel-salt residence time in the core (relative to the average 

neutron lifetime). 

a negative fuel-salt density coefficient of reactivity; 

5 .  
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3.1.7.1 Materjal r e a c t i v i t y  -. ... worths 

The r e a c t i v i t y  worths  of t h e  major fi le1 c o n s t i t u e n t s  are shown i n  

Tab le  19. The t o t a l  worth is n e g a t i v e  because t h e  e f f e c t s  of f e r t i l e  

thorium and 2 3 8 U  ovF*rcoiiic the p o s i t i v e  e f f e c t s  of t h e  f i s s i l e  materials. 

T h i s  means t h a t  t h e  r e a c t i v i t y  could  be made s i g n i f i c a n t l y  h i g h e r  by re- 

moving f u e l  s a l t ,  a l though  t h e  breeding  performance would be reduced. 

Table  19. Material concentration 
coefficient of reactivity 

Spscific coefficient T o t a l  coefficient 
(Ak/k)/AN m W 3 )  (Ak/ k )  / ( AN/N ) Component 

~ 

F u e l  sa l t  
U rani um 
P 1  u t on i urn 
Thor i urn 
233Pa 
233u 
234u 
235 
23qT  
23% 

0.00025 
-0.0009l 
-0.00011 
-0.0023 

0.0040 
-4 .0015 

0.002s 
-0.00050 
-0.00019 

-0.14 
0.15 
0.010 

4 . 2 9  
-0.0026 

0.20 
4 . 0 1 4  
-0.063 
-0.0079 
---I) . 092 

..- __. . . .. 

Removing 1% of t h e  uranium would have a r e a c t i v i t y  e f f e c t  ( I C  -0.0015 

A com- Ak/k,  and r e i n s e r t i n g  it  would have a comparable p o s i t i v c  e f f e c t ,  

p a r a b l e  r e s u l t  f o r  plutonium would be on ly  0.0001 Aklk. I f  1% of t h e  

f u e l  s a l t  could  be r ep laced  suddenly  by bubbles ,  the e f f ec t  wcx.11.d be a n  

i n c r e a s e  of 0.0014 i n  r e a c t i v i t y ,  which i s  s u f f i c i e n t  t o  induce  a s i g n i f i -  

c a n t  system t r a n s i e n t .  In  p rac t i ce ,  no l i k e l y  aiechanism ex is t s  t h a t  could  

b r i n g  about  such a n  e f f e c t  suddenly.  

The speciEic c o e f f i c i e n t s  show t h a t ,  atom f o r  atom, 233U i s  a much 

5~ o r  p l u t o n i  urn i n  tht. r e f e r e n c e  is0 t o p i c  mix more r e a c t i v e  f u e l  t han  

and t h a t  238U i s  a g r e a t e r  d e p r e s s a n t  t h a n  thorium. 

3.1.7.2 Temperature e f f e c t s  on .- r e a c t i v i t y  

Temperature a f f e c t s  t h e  r e a c t i v i t y  o f  t h e  core by (1) broadening 

narrow c r o s s - s e c t i o n  r e s o n a w e s ,  t h u s  i n c r e a s i n g  t h e i r  c a p t u r e  ra te  
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(Doppler e f f e c t ) ,  (2 )  changing t h e  energy  d i s t r i b u t i o n  of t h e  thermal  

n e u t r o n  spec t rum,  and ( 3 )  caus ing  expans ion  of t h e  c o n s t i t u e n t  materials. 

The expans ion  changes bo th  t h e  s i z e  and d e n s i t y  of t h e  c o r e ,  as d i s c u s s e d  

ear l ier .  Table  20 shows t h e  v a r i o u s  components of t h e  t o t a l  t empera tu re  

c o e f f i c i e n t .  The f u e l  c o e f f i c i e n t  i s  dominated by bo th  a l a r g e ,  n e g a t i v e  

Doppler component and a similar spectral  component. 

p l e ,  t h a t  an i n c r e a s e  of 100°C i n  f u e l  t empera tu re  would reduce  r e a c t i v -  

i t y  by 0,009 e s s e n t i a l l y  i n s t a n t a n e o u s l y .  

This means, f o r  exam- 

Tab le  20. Temperature c o e f f i c i e n t s  of 
r e a c t i v i t y  € o r  DMSR 

Component Value 
(10-6 K - 1 )  

-- - 
F u e l - s a l t  Doppler 57 
F u e l - s a l t  d e n s i t y  30 
F u e l - s a l t  thermal  spectrum 4 0  

T o t a l  f u e l  s a l t  -87 
Moderator d e n s i t y  -2* 2 
Moderator expans ion  7.2 

.~ 

Moderator thermal  spec t rum 1 4  

T o t a l  moderator  19 

T o t a l  c o r e  -68 

R e f l e c t o r  d e n s i t y  0.1 
R e f l e c t o r  t he rma l  spectrum 1.2 
R e f l e c t o r  and v e s s e l  expans ion  -4.9 

T o t a l  r e f l e c t o r  -3.8 

T o t a l  r e a c t o r  -7 2 

The modera tor  e f f e c t  i s  dominated by p o s i t i v e  s p e c t r a l  and expans ion  

e f f e c t s .  This e f f e c t  i s  r e l a t i v e l y  s low t o  appea r ,  however, because  t h e  

t i m e  c o n s t a n t  f o r  conduct ion  h e a t i n g  of t h e  g r a p h i t e  i s  on t h e  o r d e r  of 

140 s. If t h e  t empera tu re  change were caused by a r a p i d  power i n c r e a s e ,  

a s m a l l  p o r t i o n  (-5%) of t h e  excess power would appear  i n  t h e  modera tor  
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immediately because of d e p o s i t i o n  of energy hy f a s t  n e u t r o n s  and prompt 

gammas. Because t h e  h e a t  c a p a c i r y  o f  the  moderator i n  a zone i s  always 

a t  least  f i v e  t l t n r s  t h a t  of t h e  f u e l ,  t h e  e f f e c t  of d i r e c t  t r a n s i e n t  mod- 

e r a t o r  heati .ng would be n e g l i g i b l e .  

The r e f l e c t o r  and vessel  c o e f f i c i e n t s  would probably be v e r y  slow i n  

t a k i n g  e f f e c t  because of  l a r g e  heat c a p a c i t i e s  and l o w  fuel. f l o w  rates. 

Their t o t a l  i s  dominated by a n e g a t i v e  expansion tern. 

3.1.7.3 Delayed-neutron e f f e c t s  

The delayed-neutron f r a c t i o n  of 233U i s  n o t  much higher than t h a t  of 

plutonium. 

c a n t  ('Table 2 1 ) .  

I n  t h e  r e f e r e n c e  c y c l e ,  t h e  c o n t r i b u t i o n  of 2 3 5 U  i s  s i g n i f i -  

Table  21. Delayed-neutron f r a c t i o n ,  6 

C o n t r i b u t o r  F i s s i o n  f r a c t i o n  C o n t r i b u t i o n  t o  B 
-__l-......-l_--........ L_ 

0.55 0.0011r 
235u 0.23 0.0015 
P 1  u t 0 n 1 Ulll 0.22 0.00046 

233u 

T o t a l  6 0.0034 

An unusual a s p e c t  of MSRs i s  t h a t  the f u e l  c i r c u l a t e s  f a s t  enough to 

remove s i g n i f i c a n t  numbers of de l  ayed-neutron p r e c u r s o r s  from t h e  c o r e  be- 

f o r e  the n e u t r o n s  a re  emi t ted  e The lumped-parameter k i n e t i c s  e q u a t i o n s  

are t aken  as 

and 
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where 

Ci 
t 

P 

B 
k 
A 

Xi 

“i 
R 

T 

relative delayed-neutron precursor concentration, 

time , 
reactor power, 

delayed-neutron fraction, 

multiplication factor, 

prompt-neutron generation time, 

delayed-neutron precursor decay constant, 

delayed-neutron fractional yield, 

coolant flow constant, 

mean salt transit time in external loop.  

These equations then show that, where 

as $ = (k  -- l)/kB, the steady balance 

of $. Thus, 

RE i 
$(steady state) = C a i  Ai i f REi 

dollars of reactivity are defined 

condition requires a nonzero value 

Y 

-Air 
where Ei i s  equal t o  1 -_ e . Defining a new effective reactivity as 

we can write the inhour equation relating asymptotic inverse period to 

A ,  the amount of reactivity in excess of that required t o  maintain steady 

state under the given flow rate. 

where Fi is equal to 1 - exp[-(Ai 4- W ) T ] .  

time was calculated by the boron-poison method to be 362 us. For now, 

we will ignore the difference between B and Beff, which is expected to 
be small in low-leakage systems. Table 22 was compiled using standard 

The prompt-neutron generation 
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Table  22. Kinetic response  of DMSR 

F l o w  Flow r e a c t i v i t y  N e  t Reactor  
c o n s t a n t ,  Ei l o s s ,  $ - A r e a c t i v i t y ,  A p e r i o d ,  l / w  

( S - 9  ( do 1. l a r  s ) ( d o l l a r s  1 (SI 

0 
0 
0 
0 
0 
0 
0 
0 
0.0525 
0.0515 
0.0515 
0.051 5 
0.0515 
0.0515 
0.0515 
0.0515 

0 
0 
0 
0 
0 
0 
0 
0 
0.23 
0.23 
0.23 
0.23 
0.23 
0.27 
0.23 
0.23 

0 
0.11 
0.25 
0.45 
0.69 
0.92 
1.28 
2.04 
0 
0.07 
0.16 
0.29 
0.40 
0.70 
1.05 
1.82 

CQ 

100 
30 
10 
3 
1 
0.3 
0.1 
00 

100 
30 
10 
3 
1 
0.3 
0.1 

delayed-neutron d a t a .  l 7  

ful l -power o p e r a t i o n  w i t h  a mean f u e l  resident-e t l m e  of 19.4 s i n  t h e  

c o r e "  

'The f low c o n s t a n t  of 0.0515 sml corresponds  t o  

These d a t a  show t h a t  less excess  r e a c t i v i t y  i s  r e q u i r e d  f o r  a g iven  

small power response  when t h e  s a l t  i s  f lowing ,  Th i s  r e a c t i v i t y  d i f f e r e n c e  

becomes c o n s t a n t  a t  h i g h e r  r e a c t i v i t f e s .  Because of t h e  ve ry  I.00g genera-  

t l o n  t i m e ,  t h e  response  t o  ne t  r e a c t i v i t y  changes of more than  l d o l l a r  

would be much smaller than  t h a t  of many r e a c t o r  t y p e s ,  which i s  c h a r a c t e r -  

i s t i c  of over-moderated g r a p h i t e  a s sembl i e s .  T h e  o v e r a l l  r e s u l t  would be 

a s y s t e m  w i t h  a power l e v e l  t h a t  f l u c t u a t e s  more than  u s u a l  because  of i n -  

h e r e n t  opera t i -ng  n o i s e  bu t  t h a t  would be r e l a t i v e l y  c:!asy t o  s h u t  down by 

c o n t r o l  rod a c t i o n  i n  an unplanned event .  Power f l u c t u a t i o n s  would be  ex- 

pected  t o  have l i t t l e  e f f e c t  on t h e  e x t e r n a l  system because of t h e  l a r g e  

h e a t  c a p a c i t y  of the c o r e  and t h e  l o w  f l o w  ra te ,  
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3.1.7.4 cII_-__l_-__.. C o n t r o l  requi rements  f o r  normal o p e r a t i o n  

* 
Assuming a c o r e  prehea ted  t o  775 K and n e a r  c r i t i c a l ,  a r e a c t i v i t y  

i n c r e a s e  of 0.07% must b e  s u p p l i e d  by t h e  c o n t r o l  system as f u e l  f low 

through t h e  c o r e  i s  s t a r t e d  t o  compensate f o r  t h e  l o s s  of de layed  neu- 

t r o n s .  An increase of about  1.1% must b e  s u p p l i e d  t o  b r i n g  t h e  f u e l ,  

modera tor ,  and v e s s e l  t o  t h e  average  o p e r a t i n g  tempera ture  n e a r  925 K. 

Xenon c o n c e n t r a t i o n  i s  kept  t o  a n e g l i g i b l e  l e v e l  by t h e  s a l t  c leanup 

system and ,  t h e r e f o r e ,  h a s  l i t t l e  e f f e c t  on t h e  c o n t r o l  requirements .  h 

more s e r i o u s  requirement  i s  t h e  longer- term p o s i t i v e  r e a c t i v i t y  peaking 

caused  by e a r l y  product ion  of 233U; t h i s  i s  approximate ly  a 3% e f f e c t .  

Tn a d d i t i o n ,  some shutdown margin ( p e r h a p s  2 % )  would be r e q u i r e d  f o r  
s a f e t y .  This  would be s u f f i c t e n t  t o  overcome a 12% change i n  s a l t  den- 

s i t y ,  f o r  example, o r  a comparable l o s s  i n  a c t i n i d e  c o n t e n t  of t h e  sa l t .  

The t o t a l  r e a c t i v i t y  c o n t r o l  span  r e q u i r e d  w i t h  r e s p e c t  t o  a 775 K ,  

no-flow, j u s t - c r i t i c a l  c o r e  t h u s  would be from +1.2% t o  -5.0%. Of t h i s ,  

o n l y  about -2% must be r a p i d  i n  n a t u r e ,  i n s e r t e d  by an a c t i v e  c o n t r o l  

device .  The remainder  c o u l d  b e  p a r t i a l l y  s u p p l i e d  by a d j u s t i n g  t h e  com- 

p o s i t i o n  of t h e  f u e l  sa l t .  

3,1.7.5 S t a b i l i t y  and t r a n s i e n t  -____ s a f e t y  

The c o r e  is s t a b l e  t o  a l l  f r e q u e n c i e s  of o s c i l l a t i o n  because t h e  

n e g a t i v e  prompt component of t h e  tempera ture  c o e f f i c i e n t  of  r e a c t i v i t y  

dominates  t h e  p o s i t i v e  de layed  component, A t  f r e q u e n c i e s  below t h a t  as- 

s o c i a t e d  w i t h  t h e  g r a p h i t e  thermal  conduct ion  p r o c e s s ,  t h e  de layed  com- 

ponent c o u l d  s u b t r a c t  from t h e  prompt component, bu t  t h e  e f f e c t i v e  coef-  

f i c i e n t  would be no less n e g a t i v e  t h a n  t h e  t o t a l  c o r e  c o e f f i c i e n t .  These 

f r e q u e n c i e s  would be on t h e  o r d e r  of i n v e r s e  minutes  and should  pose no 

problem f o r  c o n t r o l ,  

The response  t o  sudden changes i n  t h e  f u e l - s a l t  i n l e t  t empera ture  i s  

r e l a t i v e l y  s low due t o  a s a l t  r e s i d e n c e  t i m e  of a lmost  20 s .  For  example, 

t h e  r e a c t i v i t y  response  t o  a n  a b r u p t  change i n  i n l e t  f u e l - s a l t  t empera ture  

* T h i s  would b e  a n  a b s o l u t e  minimum tempera ture  because t h e  sa l t  
would b e g i n  t o  f r e e z e  a t  lower tempera tures .  
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of  -50°C would be -i-0.004 (about  1 . 7  d o l l a r s )  i f  t h e  e n t i r e  c o r e  could h e  

f i l l e d .  However, t h e  ex te r r i a l  l.oops c o n t a i n  enough s a l t  t o  f i l l  on ly  

about  one- th i rd  of t h e  c o r e ;  t h u s ,  t h e  a c t u a l  r e a c t i v i t y  e f f e c t  would be 

iflrltrh smaller, and i t  would be i n s e r t e d  ove r  a per iod  of s e v e r a l  seconds.  

The c o n t r o l  system could  r e a d i l y  compensate f o r  such a s low change i n  re- 

a c t i v i t y .  With no c o n t r o l  r e s p ~ n s e ,  a new power l e v e l  would be g r a d u a l l y  

approached t o  c o u n t e r a c t  t h e  coo l ing  e f f e c t  of  t h e  i n l e t  c o n d i t i o n ,  and 

t h e n  t h e  cont inued  h e a t i n g  e f f e c t  of t h e  h i g h e r  power l e v e l  would cause  

a r e d u c t i o n  i n  r e a c t i v i t y  and a r e t u r n  t o  a s t a b l e  c o n d i t i o n .  

3.2 Reac tor  Thermal Rydraul l__l_ i cs  _......._.__...._I. 

The purpose of t h e  thermal -hydraul ic  a n a l y s i s  o f  the DMSR i s  t o  dem- 

ons t ra te  t h a t  t h e  concept  i s  v i .ab le  and no t  t o  provide  a d e t a i l e d  des ign .  

Ne i the r  t h e  funding  nor t h e  necessa ry  thermal -hydraul ic  p r o p e r t i e s  of mol- 

t e n  s a l t  f low i n  a g r a p h i t e  c o r e  are  p r e s e n t l y  avai1abl.e t o  perform t h e  

l a t t e r .  Conserva t ive  e s t  imatcs o f  i -mportai i t  parameters  are taken  wherever 

p o s s i b l e ;  even i f  some of t h e s e  should  be nonconse rva t ive ,  s i m p l e  modif i -  

c a t i o n s  oE t h e  c o r e  des ign  a p p a r e n t l y  could  l e a d  t o  a c c e p t a b l e  r e s u l t s .  

Thermal.-hydraulic behavior  does not  appear  t o  be a l i m i t i n g  d e s i g n  con- 

s t r a i n t  on t h e  DMSK reference.  core.. 

Because of  t h e  r e l a t i v e l y  low power d e n s i t y  of t h i s  concep t ,  s imp le  

c o r e  c o n f i g u r a t i o n s  t h a t  were not  p o s s i b l e  i n  t h e  MSRR r e f e r e n c e  des ign8  

may be  cons idered .  Three s imple  d e s i g n s  were cons ide red :  

1. a c o r e  made up of spaced g r a p h i t e  s l a b s ,  

2. a c o r e  made up of  s t a c k e d  hexagonal  g r a p h i t e  b locks  w i t h  c i r c u l a r  

coo lan t  channe l s ,  

3 .  a c o r e  cons isLing  of a t r i a n g u l a r  a r ray  o f  g r a p h i t e  c y l i n d e r s  w i t h  

c e n t r a l  c o o l a n t  channels .  

C o n s t r a i n t s  t h a t  m u s t  be cons ide red  i n  s e l e c t i n g  a core d e s i g n  in -  

c l u d e  maximum g r a p h i t e  element t empera tu re ,  l o c a l  s a l t  volume f r a c t i o n ,  

and the  d e s i r e d  2 3 8 U  s e l f - s h i e l d i n g  e f f e c t  

l i m i t a t i o n  on t h e  c o o l a n t  channel  dimensions.  The t empera tu re  r ise  be- 

tween t h e  c o o l a n t  channel  and the h o t  s p o t  i n  t h e  g r a p h i t e  moderator  ele- 

ment i s  e s p e c i a l l y  impor tan t  because of t h e  s t r o n g  dependence of  g r a p h i t e  

which imposes a minimum 
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dimensional  change on tempera ture .  

s e l f - s h i e l d i n g  e f f e c t  s t r o n g l y  c o u p l e  t h e  thermal -hydraul ic  and t h e  neu- 

t r o n i c  c o r e  d e s i g n s .  These combined c o n s t r a i n t s  appear  t o  r u l e  o u t  t h e  

p o s s i b i l i t y  of a g r a p h i t e  s l a b  c o r e  c o n f i g u r a t i o n .  Mechanical problems, 

e s p e c i a l l y  t h e  l o s s  o f  c o o l a n t  channel  geometry caused by s h i f t i n g  o€ 

s t a c k e d  hexagonal  b l o c k s  ( t h u s  c r e a t i n g  s t a g n a n t  o r  low f low zones) ,  

r u l e  o u t  t h e  second o p t i o n .  Tn a d d i t i o n ,  t h a t  o p t i o n  wotlild l e a v e  a n  un- 

d e s i r a b l y  l a r g e  f r a c t i o n  o f  t h e  f u e l  s a l t  i n  narrow passages  between t h e  

hexagonal e lements .  The t h i r d  d e s i g n  seems t o  f i l l  a l l  t h e  requi rements  

and i s  a l s o  v e r y  a p p e a l i n g  because of i t s  s t r u c t u r a l  s i m p l i c i t y ,  which i s  

impor tan t  i n  a c o r e  expec ted  t o  l a s t  t h e  l i f e  of t h e  p l a n t .  

The s a l t  volume f r a c t i o n  and t h e  2 3 8 U  

The o u t e r  d i a m e t e r  of t h e  c y l i n d r i c a l  g r a p h i t e  e lements  i n  t h e  r e f -  

e r e n c e  DMSR i s  254  mm (10 i n . ) ,  which i s  machined down t o  244 mm (9.16 

i n . )  i n  t h e  c e n t r a l  r e g i o n  ( c o r e  zone A ,  Fig. 2 ) .  The d i a m e t e r  o f  t h e  in-  

n e r  c o o l a n t  c h a n n e l s  i s  c o n s t a n t  a t  51 mm ( 2  in . ) .  This  d e s i g n  p r o v i d e s  

a s a l t  f r a c t i o n  of 20.0% i n  t h e  c e n t r a l  r e g i o n  and 12.9% i n  t h e  remainder  

of t h e  c o r e .  The m o t i v a t i o n  behind t h i s  two-region d e s i g n  i s  t o  provide  

a f i r s t  estimate of a f l u x - f l a t t e n e d  core .  F l u x  f l a t t e n i n g  is  c r u c i a l  t o  

t h e  d e s i g n  o b j e c t i v e  of r e a c t o r - l i E e t i m e  g r a p h i t e  because b o t h  t h e  maxi- 

mum g r a p h i t e  damage and t h e  m a x i m u m  g r a p h i t e  tempera ture  are reduced. 

F i g u r e  7 shows t h e  arrangement  of t h e  g r a p h i t e  moderator  e lements  i n  

t h e  o u t e r  r e g i o n ,  zone B,  which o c c u p i e s  most of t h e  c o r e  volume. Note 

t h e  51-mm-diam (2-in.)  i n t e r i o r  s a l t  channels  and t h e  e x t e r i o r  s a l t  chan- 

n e l s  formed between t h e  moderator  e lements .  I n  zone B ,  t h e  e x t e r i o r  chan- 

n e l s  have a uniform c r o s s  s e c t i o n  a l o n g  t h e i r  e n t i r e  l e n g t h ,  e x c e p t  f o r  

p o s s i b l e  o r i f i c i n g  p r o v i s i o n s  a t  t h e  ends.  The arrangement i s  t h e  same 

i n  t h e  i n t e r i o r  of t h e  c o r e  (zone A ) ,  b u t  t h e  o u t e r  d iameter  oE t h e  mod- 

e r a t o r  e lements  i n  t h e  i n t e r i o r  i s  reduced. This  provides  t h e  h i g h e r  salt 

f r a c t i o n  and a l l o w s  t h e  e x t e r i o r  channels  t o  i n t e r c o n n e c t  i n  t h a t  r e g i o n .  

F igure  7 a l s o  shows t h e  l o c a t i o n  of a 30" segment of a g r a p h i t e  ele- 

ment used i n  t h e  a n a l y s i s .  The f i l m  h e a t - t r a n s f e r  c o e f f i c i e n t  a t  t h e  

g r a p h i t e - s a l t  i n t e r f a c e  i s  n o t  w e l l  known, p r i m a r i l y  because a hel ium f i l m  

may ex is t  on t h e  g r a p h i t e  s u r f a c e ,  This f i l m  would i n c r e a s e  t h e  thermal  

r e s i s t a n c e  but  a l s o  would g i v e  a no-drag w a l l  boundary c o n d i t i o n  t o  t h e  

s a l t  v e l o c i t y  p r o f i l e .  In a d d i t i o n ,  n e a r  t h e  moderator  e lement  c o n t a c t  
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Fig. 7. Arrangement of moderator  e lements  i n  c o r e  B. 

po:i.nts (which o n l y  e x i s t  iii t h e  o u t e r  core r e g i o n ) ,  h e a t  t r a n s f e r  would 

be g r e a t l y  diminished The fo l lowing  s i m p l i f y i n g  assumption was made 

(probably  c o n s e r v a t i v e )  concerning t h e  s a l t - f i l m  h e a t - t r a n s f e r  c o e f f i -  

cient::: w i t h i n  15" of a c o n t a c t  p o i n t ,  the h e a t - t r a n s f e r  c o e f f i c i e n t  i s  

zero ;  e l sewhere ,  i t  i s  e q u a l  t o  80% of the value o b t a i n e d  by use of t h e  

D i t t u s - B o e l t e r  c o r r e l a t i o n .  '* This  assucaptl.on i n c r e a s e d  the c a l c u l a t e d  

t o t a l  t empera ture  rise i n  t h e  moderator e lement  by -50% over t h a t  ob- 

t a i n e d  by us ing  80% of t h e  Di t tus -Boel te r  v a l u e  f o r  t h e  e n t i r e  s u r f a c e .  

With t h e s e  boundary c o n d i t i o n s ,  the  heat conduct ion  e q u a t i o n  i n  cy- 

l i n d r i c a l  f i n i t e  d i f f e r e n c e  form w a s  solved i n  t h e  30" s e c t i o n  a t  e a c h  

axial .  node ( 4 0  nodes t o t a l )  us ing  t h e  method of s u c c e s s i v e  o v e r r e l a x a t i o n ,  

S t a r t i n g  a t  t h e  c o r e  i n l e t ,  t h e  temperatin-es of a n  i n t e r i o r  and an  e x t e r i o r  

s a l t  channel  are  advanced i n  an axial  marching-type s o l u t i o n  through t h e  

core .  Axial and. r a d i a l  hornogerneous power p r o f i l e s  ( s e e  Fig. 4 )  w e r e  used ,  

nl.or1g w i t h  t h e  followi.ng assumpt ions ,  t o  g i v e  s a l t - c h a n n e l  a x i a l  l i n e a r  

power p r o - f i l e s  ( P i g .  8) and l o c a l  moderator  v o l u m e t r i c  power. A t  a g i v e n  

locatr:ion, t h e  v o l u m e t r i c  p o w e r s  i n  a n  i n t e r i o r  and a n  e x t e r i o r  channel  

were assumed t o  be the same, and t h e  volumetr ic  p o w e r  w i t h i n  t h e  g r a p h i t e  

was assumed t o  be  I% of t h a t  i n  t h e  s a l t  and c o n s t a n t  o v e r  t h e  30" sec- 

t i o n .  Neut ronic  a n a l y s e s  of t h e  p r e v i o u s  MSBR des ignR provided t h e  b a s i s  
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Fig. 8. Core ho t -channel  l i n e a r  power p r o f i l e s  

f o r  t h e  l a t t e r  assumpt ion;  t h e  p r e s e n t  a n a l y s i s  i s  n o t  d e t a i l e d  enough t o  

y i e l d  a b e t t e r  e s t i m a t e .  

A s  noted  p r e v i o u s l y ,  t h e  hot-channel  a x i a l  l i n e a r  power p r o f i l e s  of 

an  i n t e r i o r  and e x t e r i o r  channel  are shown i n  Fig. 8. The h o t  channel  oc- 

c u r s  ( r a d i a l l y )  a t  t h e  boundary between zones A and B. The c e n t r a l  loca-  

t i o n  of zone A (2 .65 t o  5.65 m) can  be s e e n  by the d i s c o n t i n u i t i e s  in t h e  

l i n e a r  power curves .  The c u r v e s  re f lec t  b o t h  h e a t  g e n e r a t e d  w i t h i n  t h e  

s a l t  and h e a t  t r a n s f e r r e d  from t h e  g r a p h i t e  t o  t h e  s a l t .  

F i g u r e  9 shows c a l c u l a t e d  tempera tures  i n  t h e  i n t e r i o r  and e x t e r i o r  

c h a n n e l s  and the maximum t e m p e r a t u r e  i n  t h e  moderator  as f u n c t i o n s  of ax- 

i a l  p o s i t i o n  f o r  t h e  c o r e  h o t  channel .  The h i g h e s t  moderator  tempera ture  

o c c u r s  a t  a p o s i t i o n  3.0 m above t h e  c o r e  midplane. I so therms i n  the  30" 

moderator  segment a t  t h i s  l o c a t i o n  are shown in Fig.  10, T h e  assumption 

of no h e a t  t r a n s f e r  w i t h i n  15" of the. c o n t a c t  p o i n t  c a u s e s  s u b s t a n t i a l  

d i s t o r t i o n  of t h e  i s o t h e r m s  n e a r  t h e  o u t e r  s u r f a c e .  The c a l c u l a t e d  maxi- 

mum g r a p h i t e  tempera ture  i s  7 4 1 O C  (1366"F),  which i s  close t o  t he  maximum 

a l l o w a b l e  t e m p e r a t u r e  (-720°C) f o r  z e r o  p o s i t i v e  i r r a d i a t i o n  growth a t  a 

t o t a l  f l u e n e e  of 3 x 1 0 ' ~  me2, 
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Fig.  9. Axia l  t empera ture  p r o f i l e s :  g r a p h i t e  and f u e l  sa l t  f o r  c o r e  
h o t  channel .  

Table  2 3  g i v e s  fl.ow areas,  s a l t  v e l o c i t i e s ,  Reynolds numbers, and 

h e a t - t r a n s f e r  c o e f f i c i e n t s  f o r  t h e  i . n t e r i o r  a n d  e x t e r i o r  channe l s  ( i n  

bo th  c o r e  zones A and R )  f o r  two cases: t h e  c o r e  h o t  channel  and t h e  

c o r e  average  channel .  The s a l t  v e l o c i t i e s  are those  necessa ry  f o r  a n  

e q u a l  139°C (250 'F)  t empera ture  r ise  a c r o s s  t h e  core i n  t h e  i n t e r i o r  and 

e x t e r i o r  channels .  The h y d r a u l i c  d i ame te r s  are no t  e q u a l ;  t h u s ,  o r i f i c i n g  

of t h e  i n t e r i o r  channels  would be necessa ry .  This could  be  accomplished 

e a s i l y  by  reducing  t h e  d i ame te r  of t h e  i n t e r i o r  channel  by -50% f o r  a 

s h o r t  i n t e r v a l  n e a r  c o r e  i n l e t  and /o r  o u t l e t .  O v e r a l l  c o r e  o r i f i c i n g  

would a l s o  be necessa ry  t o  equal.i.ze c o r e  e x i t  t empera tures .  The f r ic -  

t i o n a l  p r e s s u r e  d rop  a c r o s s  che c o r e  [-7 kPa (1 p s i ) ]  i s  i n s i g n i f i c a n t  

when compared wi.th t h e  p r e s s u r e  drop across the primary h e a t  exchanger  
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Fig. 10. Isotherms in graphite at location of maximum temperature 
( “ e ) .  
80% of Dittus-Boelter correlation value elsewhere. 

Film heat-transfer coefficient h equals 0 where shown and equals 

T a b l e  23. Thermal -hydraul ic  d a t a  f o r  N l S R  c o r e  

d 
Hot Average 

F I O W  a r e a ,  m 2  

T n t e r i o r  c h a n n e l  
E x t e r i o r  c o r e  A 
E x t e r i o r  core  R 

S a l t  v e l o c i t y ,  m l s  

I n t e r i o r  channe  1 
E x t e r i o r  core A 
E x t e r i o r  c o r e  R 

Revnolds  number 

I n t e r i o r  c h a n n e l  
E x t e r i o r  COKE! A 
E x t e r i o r  C O K ~  B 

h H e a t - t r a n s € e r  c o e f f i c i e n t ,  
W m-’ K - l  

I n t e r i o r  c h a n n e l  
E x t e r i o r  c o r e  A 
E x t e r i o r  c o r e  R 

2.025 x loP3 
4.580 1 0 - 3  
2.601 x 10-3 

0.601 
0.418 
0.735 

1.034 x i o 5  

6.490 x 1 0 4  
6.759 x l o 4  

I 7 3  
130 
232 

2.025 x l o F 3  
4.580 x 10-3 
2.601 x 10-3 

0.441 
0.307 
0.540 

7.592 x I O 4  
4.962 x l o 4  
4.765 x 10” 

78 
59 
145 

- 
a Maxirnurn/average power i s  1.362 over c o r e s  A and R. 

Obta ined  by u s i n g  80% of D i t t u s - R o e l t e r  c o r r e l a t i o n  h 

vnlue .  
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[-900 kPa (130 p s i ) ] .  Graph i t e  and. f u e l - s a l t  p r o p e r t i e s  used i n  t h e  

a n a l y s i s  were ob ta ined  from Ref. 8. 
The r e f e r e n c e  DMSR c o r e  d e s i g n  s a t i s f i e s  t h e  two most impor tan t  

thermal -hydraul ic  c o n s i d e r a t i o n s :  ( 1 )  t h e  maxinium g r a p h i t e  t e m p e r a t u r e  

i s  low enough t o  a l l o w  i t  t o  l a s t  t h e  l i f e  of t h e  p l a n t  ( 2 4 - f u l l  power 

y e a r s )  and ( 2 )  r e g i o n s  of s t a g n a n t  o r  l amina r  f low are  avoided.  

v a r i a t i o n s  on t h i s  d e s i g n  w i l l  be p o s s i b l e  i n  a c h i e v i n g  an  optimum c o r e ,  

bu t  t h e  second c o n s i d e r a t i o n  must a lways be noted.  Because of  the l.ow 

thermal  c o n d u c t i v i t y  of t h e  f u e l  s a l t ,  excessi .ve temperatures can  occur  

i n  very  s m a l l  s t a g n a n t  o r  l amina r  f low reg ions .  The g r a p h i t e  e lements  

must r e t a i n  t h e i r  geomet r i c  i n t e g r i t y  and must n o t  create  f l o w  blockages.  

Ex tens ive  i n - p i l e  t e s t i n g  would be necessa ry  t o  ensu re  t h a t  bo th  of t h e s e  

c o n s i d e r a t i o n s  were m e t  b e f o r e  c o n s t r u c t i o n  of  a demonst ra t ion  p l a n t  could  

be undertaken.  

Many 

3.3 Fue l  Behavior -. . .- ..... 

Excellent n e u t r o n  eronamy i s  an a b s o l u t e  requi rement  f o r  a thermal 

b reede r  ( s u c h  as an MSBR), and f u e l  components w i t h  a c c e p t a b l y  low neu t ron  

c r o s s  s e c t i o n s  are  few, We recognized  ve ry  e a r l y  i n  t h e  MSSR devrlopment 

e f f o r t  t h a t  ( 1 )  on ly  f l n o r i d e s  need to  be considered, ( 2 )  on ly  L i F  and 

BeF2 would prove a c c e p t a b l e  as  f u e l  s o l v e n t s  ( d i l u e n t s )  fo r  the f i s s i l e  

and f e r t i l e  f l u o r i d e s ,  and ( 3 )  the  L i F  niust be  h i g h l y  e n r i c h e d  i n  7 L i ,  

For a brt>;ik-even r e a c t o r  o r  f o r  one t h a t ,  though i t  r e t a i n s  most o f  the 

f i s s i o n  p roduc t s  w i t h i n  t h e  f u e l ,  i s  t o  be  an  e f f e c t i v e  c o n v e r t e r ,  some 

s a c r i f i c e  i n  n e u t r o n  economy may be pe rmis s ib l e .  [Iowever, no l i k e l i h o o d  

f o r  success  seems p o s s i b l e  wi th  d i l u e n t s  o t h e r  t h a n  BeF2 and L i F  h i g h l y  

e n r i c h e d  (p robab ly  t o  99.99%) i n  7 L i ,  

Accordingly,  t h e  f u e l  system f o r  a DMSR n e c e s s a r i l y  will be  Very 

s imi l a r  t o  t h e  system t h a t  r ece ived  i n t e n s i v e  s t u d y  f o r  many y e a r s  i n  

MSBR development. A c o n s i d e r a b l e  fund of i n fo rma t ion  e x i s t s  about  chem- 

i c a l  p r o p e r t i e s ,  p h y s i c a l  p r o p e r t i e s ,  and expec ted  i n - r e a c t o r  behav io r  

of such materials. 
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3 . 3 . 1  B a s i c  c o n s i d e r a t i o n s  

3 . 3 . 1 . 1  Composi t ion of DMSR f u e l  

Choice of i n i t i a l  composi t ion.  A DMSR w i l l  d e r i v e  some of i t s  f i s -  

s i o n  energy  from plutonium i s o t o p e s ,  b u t  233U and 235U w i l l  be the p r i m a r y  

f i s s i l e  i s o t o p e s ,  w h i l e  232Th, w i t h  impor t an t  a s s i s t a n c e  from 238U,  i s  t h e  

f e r t i l e  material. 

c o n c e n t r a t i o n  w i l l  need t o  be markedly h i g h e r  than  t h e  t o t a l  c o n c e n t r a t i o n  

of uranium i s o t o p e s .  

C l e a r l y  (see p rev ious  n e u t r o n i c s  d i s c u s s i o n )  t h e  232Th 

The o n l y  s t a b l e  f l u o r i d e  of thorium is  ThF4; t h u s ,  i t  must be used i n  
such  f u e l s .  Pu re  UF3 i s  a p p r e c i a b l y  d i s p r o p o r t i o n a c e d  a t  h i g h  tempera- 

t u r e s  by t h e  r e a c t i o n  

4UF3 e 3UF4 + iT 

Genera l ly  i n  mol ten  f l u o r i d e  s o l u t i o n s ,  t h i s  r e a c t i o n  proceeds  a p p r e c i a b l y  

a t  lower t empera tu res .  A small  amount of UF3 w i l l  be formed w i t h i n  t h e  

f u e l  by r e a c t i o n  ( r e d u c t i o n )  of UF4 wi th  species w i t h i n  t h e  c o n t a i n e r  

metal and ,  a s  e x p l a i n e d  below, a s m a l l  q u a n t i t y  o f  UF3 d e l i b e r a t e l y  main- 

t a i n e d  i n  t h e  f u e l  s e r v e s  as a v e r y  u s e f u l  r educ t ion -ox ida t ion  ( r e d o x )  

b u f f e r  i n  t h e  f u e l .  Such UF3 i s  s u f f i c i e n t l y  s t a b l e  i n  t h e  p re sence  of 

a l a r g e  e x c e s s  o f  UF4, bu t  UF4 must be t h e  major uranium species i n  t h e  

f u e l .  1 9 3 2 0  

a l s o  by UF3) ,  and PuF3 i s  t h e  s t a b l e  f l u o r i d e  o f  t h i s  e lement  i n  DMSR 

f u e l s .  

Converse ly ,  PuF4 i s  reduced by t h e  m e t a l l i c  c o n t a i n e r  (and 

Phase e q u i l i b r i a  among t h e  p e r t i n e n t  f l u o r i d e s  have been defzned  i n  

d e t a i l  and are w e l l  documented. 19-21 Because t h e  c o n c e n t r a t i o n  of ThF, 

i s  much h i g h e r  t h a n  t h a t  of UF,, the phase behav io r  of t h e  f u e l  i s  d ic -  

t a t e d  by t h a t  of t h e  LiF-BeF2-ThFq system shown i n  Fig. 11. 

3LiF*ThF4 c a n  i n c o r p o r a t e  Be2' i o n s  i n  bo th  i n t e r s t i t i a l  and s u b s t i t u -  

The compound 

t i o n a l  s i tes t o  form s o l i d  s o l u t i o n s  whose compos i t iona l  extremes are rep- 

r e s e n t e d  by t h e  shaded t r i a n g u l a r  r e g i o n  near t h a t  compound. The m a x i m u m  

ThF, c o n c e n t r a t i o n  a v a i l a b l e  w i t h  t h e  l i q u i d u s  t empera tu re  below 500°C i s  

j u s t  above 14 mole %. Replacement of a. moderate  amount of ThF4 by UF, 

s c a r c e l y  changes t h e  phase behavior .  
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ThFq i t q i  

TEMPERATURE IN O C  
COMPOSITION IN mole To 

p 458 E 360 

Fig.  11. System LiF-BeF2-ThPi+. 

526 

BeF2 
555 

The MSBR proposed t o  use  a n  i n i t i a l  f u e l  mix tu re  c o n t a i n i n g  71.7 

mole % L i F ?  16 mole % BeF2, 12 mole % ThF4, and 0.3 mole % ( h i g h l y  en- 

r i c h e d )  UFq. The op t ima l  i n i t i a l  c o n c e n t r a t i o n  of fuel  f o r  a DMSR i s  n o t  

y e t  p r e c i s e l y  de f ined .  The i n i t i a l  f u e l  l i k e l y  w i l l  need t o  c o n t a i n  be- 

tween 9.5 and 12.5 mole % of heavy metal (uranium p l u s  thor ium) ,  w i t h  

uranium (en r i ched  t o  20% 235U) corresponding  t o  abou t  12% of t h e  t o t a l .  

The composi t ion  range of i n t e re s t  t o  DMSKs, t h e r e f o r e ,  i s  l i k e l y  t o  be 

bounded by ( a l l  c o n c e n t r a t i o n s  i n  mole X): 70.8 L i F ;  19.7 BeF2; 8.35 

ThF4; 1.15 IJFL, and  71.5 L i F ;  16 BeF2; 11 ThF4; and 1.5 UF4. For such  

composi t ions ,  t h e  l i q u i d u s  would range from about  480 t o  500°@. Most 

chemical  and p h y s i c a l  p r o p e r t i e s  of t h e  chosen composi t ion can  be i n f e r r e d  

r easonab ly  w e l l  from e x i s t i n g  d a t a  f o r  t h e  MSBR reference compositi.on. 
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- V a r i a t i o n  of f u e l  composi t ion w i t h  t i m e .  F i s s i o n  of 235U i n  t h e  

o p e r a t i n g  r e a c t o r  w i l l  r e s u l t  i n  a d e c r e a s e  o f  t h a t  i s o t o p e  and an in-  

( 2 )  23yPu from 238U, and ( 3 )  numerous t ransuranium i s o t o p e s .  

once-through DMSR w i l l  r e q u i r e  a d d i t i o n s  of uranium a t  i n t e r v a l s  d u r i n g  

i t s  l i f e t i m e .  For  example,  a DMSR w i t h  a f u e l  c o n t a i n i n g  9.5 mole % heavy 

metal would c o n t a i n  about  110,000 kg of 232Th, 3,450 kg of 2 3 5 U ,  and 

14,000 kg of 238U a t  s t a r t u p .  

f a c t o r ,  i t  would r e q u i r e  the a d d i t i o n  of 4,470 kg of 2 3 5 1 J  and 18,400 kg 

o f  17. I€ such  a r e a c t o r  r ece ived  on ly  a d d i t i o n s  of UF4 and UF3 and i f  

no f u e l  were removed," t h e  f i n a l  q u a n t i t i e s  and c o n c e n t r a t i o n s  of heavy 

metals i n  t h e  f u e l  would be  t h o s e  i n d i c a t e d  i n  Table  24.  The end-of- 

1- i fe  f u e l  would a l s o  c o n t a i n  about  1.4 mole % of s o l u b l e  f i s s i o n - p r o d u c t  

spec ies  and would have a t o t a l  of  n e a r l y  2.4 mole % of uranium i s o t o p e s ,  

about  0.053 mole % of plutonium i s o t o p e s  ( abou t  32% of which i s  239Pu),  

and less  ThF, t h a n  t h e  o r i g i n a l  f u e l .  Thus, t h e  c o n c e n t r a t i o n  of heavy 

metal i n  t h e  f u e l  changes v e r y  l i t t l e  a l t h o u g h  t h e  s p e c i e s  do  change; 

t o t a l  heavy metals i n  t h e  end-o f - l i f e  f u e l  e q u a l  about  9.3 mole % compared 

w i t h  a n  i n i t i a l  9 .5  mole %. There fo re ,  t h e  p h y s i c a l  p r o p e r t i e s  of t h e  

f u e l  would no t  be l i k e l y  t o  change a p p r e c i a b l y  d u r i n g  r e a c t o r  l i f e  a l -  

though a g r a d u a l  change i n  some chemical  p r o p e r t i e s  would be expected.  

Add i t ions  of uranium can  be made c o n v e n i e n t l y  as a l i q u i d  LiF-UF4 

mixture19  ( l i q u i d u s  490°C) whi le  t h e  r e a c t o r  i s  o p e r a t i n g ,  as w a s  done 

many t i m e s  d u r i n g  o p e r a t i o n  of t h e  MSRE.22 
of  UP3 i n  t h e  f u e l  and p o s s i b l y  t o  remove tramp oxide- ion  contaminat ion  

from t h e  f u e l ,  some f u e l  maintenance o p e r a t i o n s  w i l l  be necessary .  The 

combinat ion of  these r e l a t i v e l y  s imple  o p e r a t i o n s  l i k e l y  w i l l  r e s u l t  i n  

s u f f i c i e n t  a d d i t i o n  of LiF and ReF2 t o  r e q u i r e  o n - s i t e  removal and s t o r -  

age  of a small f r a c t i o n  o f  t h e  f u e l  b e f o r e  r e a c t o r  end-of - l i fe .  These 

growth of f i s s i o n  p roduc t s  and i n  t h e  g e n e r a t i o n  of (1) 233 U from 232Th,  

F u r t h e r ,  a 

During 30 y e a r s  of Opera t ion  a t  75% p l a n t  

2 3 8  

To keep a p rope r  c o n c e n t r a t i o n  

o p e r a t i o n s  and t h e  r e s u l t i n g  f u e l  management o p t i o n s  are  d e s c r i b e d  i n  a 

l a t e r  s e c t i o n  a f t e r  t h e  chemica l  

"This t ype  of o p e r a t i o n  may 
s i o n  w i l l  show o t h e r  more l i k e l y  

b a s i s  f o r  them has  been presented .  

be  p o s s i b l e  a l though  subsequent  d i scus -  
modes of o p e r a t i o n .  
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Table  24. Approximate heavy metaA 
i n v e n t o r y  of end-of - l i fe  f u e l  

i n  h y p o t h e t i c a l  DMSR w i t h  a no fue l  removal 

Inven to ry  
S p e c i e  - 

kg Mole % 

23% 

2 3 3 ~ a  
2 3 3 u  

2 34u 

235" 

2 36u 

2 38u 

2 3 8Pu 

3 9Pu 
2 kt  opu 

241Pu 
24ZPu 

7Np 

32,000 

38 

1,910 

536 

1,250 

97 8 

28,600 

93 
23 1 

133 

100 

179 

136 

6.84 

2.8 x 

0.140 

0.043 

0.091 

0.071 

2.05 

6.7 x 

9.5 x 

7.1  x 

9.8 x 

0.0165 

0.0126 

Opera ted  a t  1 GWe f o r  30 a 

y e a r s  a t  75% p l a n t  f a c t o r .  

3.3.1.2 P h y s i c a l  p r o p e r t i e s  of DMSR f u e l s  

Table  25 shows key p h y s i c a l  p r o p e r t i e s  of t h e  composi t ions  i d e n t i f i e d  

p r e v i o u s l y  t o  r e p r e s e n t  t h e  l i k e l y  l i m i t s  f o r  DMSR use.  A s  d e s c r i b e d  i n  

d e t a i l  e l sewhere ,  ' ' 9  "9 23, 24 s e v e r a l  of t h e s e  p r o p e r t i e s  

t h o s e  of t h e  s a l t  w i t h  9.5 mole % heavy metal - are i n t e r p o l a t e d  from 

measurements on similar s a l t  mix tu res .  From careEml c o n s i d e r a t i o n  of v e r y  

similar mix tu res  f o r  use  i n  t h e  MSRR, t h e  p r o p e r t i e s  c l e a r l y  are adequate  

f o r  t h e  proposed s e r v i c e .  However, because estimates r a t h e r  t han  measured 

v a l u e s  are p resen ted  i n  s e v e r a l  cases, a n  expe r imen ta l  program would be 

p a r t i c u l a r l y  
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Table 25. Physical properties for 
probable range of DMSR 

fuel compositions 

_- 
Heavy metal content 

Properties 
L O W  High 

Composition, mole % 

Liquidus, "C 

Properties at 600°C 

Density, Mg/m3 
Heat capacity , kJ/kg - K  

Viscosity 

Pans 
Centipoise 

Thermal conductivity , 

Vapor pressure 

W/K'm 

Pa 
Torr 

LiF 70.7 LiF 71.5 
BeF2 1.9.8 BeF2 16 
mu 9.5 HM 12.5 

80 500 

3.10 3.35 
1.46 1 . 3 6  

0.012 O . O k 2  
1 2  12 

1.2 1.2 

(10 (10 
(0.1 <O. 1 

= heavy metal fluorides. 

required to firm up the physical properties of  the composition(s) chosen 

€or service. Careful reevaluation of the properties would not be likely 

to disqualify these compositions from DMSR use. 

3.3.1.3 Chemical properties of DMSR fuels 

A molten-salt reactor such as a DMSR makes a number of stringent 

demands on its circulating fuel. Some of these demands have been im- 

plieit in the foregoing discussion of fuel behavior; examples include 

the obvious need to accommodate moderate concentrations of UF,, and large 

concentrations of ThF,, in relatively low-melting mixtures of materials 

with small cross sections for parasitic neutron capture and the need for 

adequate heat-transfer capability. The fuel must be capable af  convenient 



52 

p r e p a r a t i o n  i n  a pu re  homogeneous form f o r  i n t r o d u c t i o n  i n t o  t h e  r e a c t o r .  

I n  a d d i t i o n ,  t h e  f u e l  must (1)  be  compat ib le  w i t h  t h e  s t r u c t u r a l  and the 

moderator  materials d u r i n g  normal o p e r a t i o n ,  ( 2 )  be s t a b l e  t o  i n t e n s e  

r a d i a t i o n  f i e 1 . d ~  and (3)  t o l e r a t e  f i s s i o n  of uranium and plutonium and 

t h e  development of s i g n i f i c a n t  c o n c e n t r a t i o n s  of f i s s i o n  products  and 

plutonium and o t h e r  a c t i n i d e s .  A l so ,  w i thou t  dangerous consequences,  i t  

must be a b l e  t o  w i t h s t a n d  a v a r i e t y  of  o f f -des ign  s i t u a t i o n s  such  as 

heat-exchanger  l e a k s  o r  p o s s i b l e  i n g r e s s  of  a i r .  F i n a l l y ,  a l though  not  

p r e s e n t l y  n e c e s s a r y ,  i t  i s  d e s i r a b l e  t h a t  a t  end-o f - l i f e  t h e  fuel .  be me-- 

nab1.e t o  recovery  of f i s s i l e ,  f e r t i l e ,  and o t h e r  v a l u a b l e  materials. The 

a b i - l i t y  of t h e  f u e l  t o  m e e t  o r  not  t o  m e e t  t h e s e  d i v e r s e  and c o n f l i c t i n g  

denlands largely depends on t h e  chemical  p r o p e r t i e s  of t h e  f u e l .  Most of 

the  d e t a i l s  of f i s s i o n - p r o d u c t  behavior  are  d e f e r r e d  t o  a subsequent  sec- 

t i o n ,  bu t  much of t h e  bas i s  f o r  expec ted  f u e l  performance i s  p resen ted  i n  

t h e  fo l lowing  d i s c u s s i o n .  

__. Thermodynamics of molten . . . . . . . . . .. . .. . . f l u o r i d e  ._._ s o l u t i o n s .  .. . . The thermodynamic 

p r o p e r t i e s  of many p e r t i n e n t  s p e c i e s  i n  mol ten  LiF-SeFz s o l u t i o n s  and a 

smaller  number i n  LiF-BeFz-ThF4 s o l u t i o n s  have been s t u d i e d  i n  a long- 

con t inued  experime-ntal  program. A v a r i e t y  of  exper imenta l  t echniques  was  

employed. Much of t h e  d a t a  t7as ob ta ined  by d i r e c t  nieasureinent of equi1.j.b- 

rium c o n c e n t r a t i o n s  and p a r t i a l  p r e s s u r e s  f o r  r e a c t i o n s  such  as 

and 

(where g ,  c ,  1, and d r e p r e s e n t  gas ,  c r y s t a l l i n e  s o l i d ,  iiiolten s o l v e n t ,  

and s o l u t e ,  r e s p e c t i v e l y )  u s ing  the molten f l u o r i d e  as the r e a c t i o n  me- 

dium. Many s t u d i e s  of s o l u b i l i t y  behav io r  of s p a r i n g l y  s o l u b l e  f l u o r i d e  

s p e c i e s  have a l so  been made. 

and h a s  t a b u l a t e d  thermodynamic d a t a  f o r  many s p e c i e s  i n  mol ten  L12BeF4. 

Table  26 shows v a l u e s  f o r  s t anda rd  free energy  of format ion  of major 

c o n s t i t u e n t s  and some p o s s i b l e  c o r r o s i o n  p roduc t s ,  

Baes25'26 has reviewed a l l  these s t u d i e s  

Baes25s26 has a l so  
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Tab le  26. Standard  f r e e  e n e r g i e s  of 
fo rma t ion  f o r  compounds d i s s o l v e d  a i n  mol ten  LizReFq 

a b Compound Acf ( 9 0 0  K )  
(kca l /a tom F)" b 

- 
-141.79 

-243.86 

16.58 

30.01 

126.9 

108.4 

UF3(d) 

vE4( d) 

( d )  
%FL+ 

ZrF4 ( d )  

( d )  
NiF2 

FeF2( d )  

CrF2( d )  

-338.04 

4 4 5 . 9 2  

4 9 1 . 1 9  

4 5 2 . 9 6  

-146.87 

-154.69 

-171.82 

40.26 

57.85 

62.50 

65.05 

36.27 

21.78 

21.41 

100.6 

98.5 

108.8 

98.6 

57.1 

67.5 

76.3 

a 

bThe s t a n d a r d  s t a t e  f o r  L i F  and BeF2 

Adapted from Ref. 7 .  

i s  t h e  mol t en  Li2BeFq s o l v e n t .  
s o l u t e  s p e c i e s  - t h o s e  w i t h  s u b s c r i p t  ( d )  -. 
i s  t h e  h y p o t h e t i c a l  s o l u t i o n  w i t h  t h e  s o l u t e  
a t  u n i t  mole f r a c t i o n  and t h e  a c t i v i t y  co- 
e f f i c i e n t  t h e  s o l u t e  would have a t  i n f i n i t e  
d i l u t i o n ,  

That  f o r  

'For conve r s ion  t o  S I ,  1 k c a l  = 
4.18 kJ. 

e v a l u a t e d  t h e  e f f e c t  of s o l v e n t  camposi t ion  i n  t h e  LiF-ReF2 system on 

a c t i v i t y  c o e f f i c i e n t s  of a v a r i e t y  of s o l u t e s .  

Using a s o p h i s t i c a t e d  s p e c t r o p h o t o m e t r i c  a n a l y s i s  f o r  UFq and UF3, 

more r e c e n t  s t u d y  by G i l p a t r i c k  and Toth t o  e v a l u a t e  t h e  e q u i l i b r i u m  

i n  s e v e r a l  LiF-BeF2 and LiF-BeF2-ThF4 s o l v e n t s  e s s e n t i a l l y  confirmed t h e  



UF3 value of Table 26 (if the UF,, value is accep ted )  and showed that the 

difference between UF3 and UF4 sta.ndard free energies in LiF-ReF2-ThF,, 

(72-16-12 mole Z )  is virtually identical to that o€ Table 26. 
j, Barnberger et al.27 have shown that A?' for PuF3 in molten Li2ReF4  

i s  -13.58 * 10.9 kJ/molc (-325.6 * 2.6 kcal/nwlr) and -1357 f 10.9 kJ/mole 

(---324,6 -I- 2 , 6  kcal/mole) at 888 and 988 K, respectively. From these data 

and froin ehe solubility of PuF3, t h e y  have  estimated for pure crystalline 

PuF3 the f o l l o w i n g  values: 

..._ 
A d  = -1453 ? 10.9 kJ/nole ( - 3 4 7 . 7  f 2.6 kral/rnole) at 888 K , 

A G f  = -1392 f 10.9 kJ/mole ( -333J P 2.4  kcal/mole) at 988 K . 
Combining these values with those of 3awson et a1.2a f o r  the reaction 

yields the expression 

- 
A G f  = -1611 3- 36.4 (T/1000) 11.7 kJ/mole 

or 

385.4 I- 8.7 (T/1000) k 2 ,8  kcal/mole 

for crystalline PUB,. 

No definitive study of A@,r f o r  PuF4 in molten fluoride solution has 

been madc. Its solubility (by analogy with those of ZrF4, UF4, and ThF4) 

is relatively high. A l so ,  using the hypothetical standard state of unit 

mole fraction, it is inore stable [perhaps by 63 kJ/mole (15 kcal/rnole)] 

in solution than as the crystalline solid. If so, the r cac t ion  

* 
is the hypothetical unit mole fraction 

3~ 
The s t a n d a r d  s t a t e  of PuF 

used for solutes i n  Table 26. 
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would be  expec ted  t o  have an  e q u i l i b r i u m  q u o t i e n t  (4 )  of 

where t h e  brackets i n d i c a t e  mole f r a c t i o n s  of t h e  d i s s o l v e d  s p e c i e s .  15 

o n l y  2% of t h e  uranium were present:  as UF3, t h e  r a t i o  of PuF3/PuF4 would 

b e  near 2,5 

p a r t  UF3 p e r  m i l l i o n  p a r t s  1 F q  cou ld  b e  t o l e r a t e d ,  C l e a r l y ,  unless ve ry  

o x i d i z i n g  c o n d i t i o n s  a r e  ma in ta ined  i n  t h e  m e l t ,  t h e  plutonium i s  essen- 

t i a l l y  a l l  pu3+. 

lo" ,  and ,  t o  s u s t a i n  a PuF3/PuFq r a t i o  of 1, o n l y  abou t  1 

The s o l u b i l i t y  of PuF3 i n  LiF-BeFz-ThFq (72-16-12 mole X )  has  been 

measured i n  two l a b o r a t o r i e s .  2 9 , 3 0  Bamberger e t  show t h e  s o l u b i l i t y  

of  Pup3 i n  mole  X ( S P ~ F ~ )  t o  be g i v e n  by 

w i t h  a l ieat  of s o l u t i o n  ( A H , )  o f  46.0 2 1.0 kJlmole (11,008 -t 0.237 kcal /  

mole). TE s o ,  t h e  s o l u b i l i t y  o f  PuF3 a t  565"C, t h e  l i k e l y  minimum t e m -  

p e r a t u r e  w i t h i n  t h e  AYSR c i r c u i t ,  shou ld  b e  nea r  1.36 m o l e  %, This  v a l u e  

i s  n e a r l y  i d e n t i c a l  (as i s  t h e  h e a t  of s o l u t i o n )  t o  t h a t  o b t a i n e d  by 

Bar ton  e t  

gave s i g n i f i c a n t l y  lower  v a l u e s ;  f o r  example, a t  565°C t h a t  s t u d y  w o u l d  

s u g g e s t  t h a t  S p U ~ 3  shou ld  be n e a r  1.1 mole %. 
a l o n e  i s  undoubtedly much h i g h e r  t h a n  i s  r e q u i r e d  f o r  i ts  use  i n  a DMSR. 

However, as d e s c r i b e d  i n  a la ter  s e c t i o n ,  d i f f i c u l t i e s  p o s s i b l y  cou ld  

u l t i m a t e l y  r e s u l t  from t h e  combined s o l u b i l i t i e s  of a number of t r i f l u o -  

r i d e s  t h a t  form s o l i d  s o l u t i o n s .  

f o r  CeF3 i n  t h e  same s o l v e n t .  However, t h e  Cndian s tudy30 

The s o l u b i l i t y  o f  PuF3 

Given r e a s o n a b l e  UF3/UF4 r a t i o s ,  americium, curium, c a l i f o r n i u m ,  and 

No d e f i n i t i v e  probably  neptunium a l s o  ex i s t  as t r i f l u o r i d e s  i n  t h e  m e l t .  
s t u d i e s  of t h e i r  s o l u b i l i t i e s  i n  LiF-BeFZ-ThFq melts have been made. Such. 

s t u d i e s  arc needed,  bu t  t h e i r  i n d i v i d u a l  s o l u b i l i t i e s  c e r t a i n l y  w i l l  prove 

t o  be f a r  h i g h e r  t h a n  t h e i r  c o n c e n t r a t i o n s  i n  DMSR f u e l .  

Our knowledge of t h e  thermodynamics of mol ten  LiF-BeP2-ThFq so lu-  

t i o n s  a p p e a r s  a d e q u a t e  t o  g u i d e  t h e  n e c e s s a r y  development s t u d i e s ,  bu t  

c o n s i d e r a b l e  r e s e a r c h  and development (as w e l l  as d a t a  a n a l y s i s )  remain 
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t o  b r i n g  t h a t  unders tanding  t o  t h e  I .~ iv- -e l  t h a t  e x i s t s  f o r  LiF-BeF2 so lu-  

t i o n s .  

Ox ide - f luo r ide  behavior .  The behavior  of  mol ten  f l u o r i d e  systems _. . . . .... . 
such  as t h e  DPlSR f u e l  mix tu re  can he a f f e c t e d  markedly by a d d i t i o n  of 

s i g n i f i c a n t  c o n c e n t r a t i o n s  of ox ide  ion .  F o r  example, w e  know t h a t  c rys-  

t a l s  of UO2 p r e c i p i t a t e  when melts of TAiF2-UF4 are  t r e a t e d  wi.th a reac- 

rive: o x i d e  such  as  water vapor .19 ,32 ,33  

The s o l u b i l i t i e s  of the a c t i n i d e  d i o x i d e s  i n  LiF-EeF2-ThF4-UF4 mix- 

t u r e s  are low,  and t h e y  d e c r e a s e  i n  t h e  o r d e r  T h 0 2 ,  PaO2, U O 2 ,  and 

P u 0 2 . 2 >  1 6 - 2 4  

c r y s t a l  s t r i . ~ ! t u r e  and ca19 a l l  form s o l i d  s o l u t i o n s  wi th  one ano the r .  

S o l u b i l i t y  p roduc t s  and t h e i r  t empera tu re  dependence have been niea- 

s u r e d ;  34-43 t h e i r  behavi-or i s  g e n e r a l l y  w e l l  understood.  

Moreover, these d i o x i d e s  a l l  possess  t h e  same ( f l u o r i t e )  

T r i v a l e n t  plutonium shows l i t t l e  o r  no tendency t o  p r e c i p i t a t e  as 

o x i d e  from TdiF-BeF2-ThE4-UF+ mixtures .  27  

b i l i t y  seems t o  be general. f o r  t r i v a l e n t  o x i d e s ,  i t  i s  h i g h l y  l i k e l y  

t h a t  p r e c i p i t a t i o n  of A m 2 0 3  and o t h e r  t r i v a l e n t  a c t i n i d e s  would be  d i f -  

f i c u l t  t o  ach ieve .  

Because rei-atively l a r g e  so lu-  

I f  Pa'++ i s  ox id ized  t o  Pa5+ (which can  be  done r e a d i l y  i n  LiF-BeF2- 

'l'hF,+-UFq by t r ea tmen t  w.i tli anhydrous and hydrogen-free I-IF gas ) ,  t h e n  't'a2O5 

( o r  an  a d d i t i o n  compound of i t >  can  

Such o x i d a t i o n  t o  Pa5-+ can be avoided by ma in ta in ing  a s m a l l  f rac t ion  of 

t h e  uran i im as UF3 i n  t h e  f u e l  mixture .  

p r e c i p i t a t e d  s e l e c t i v e l y . 4 1 , 4 4  

The r e l a t i v e l y  l o w  oxide  t o l e r a n c e  of IIMSK fuel. w i l l  r e q u i r e  reason-  

a b l e  care t o  avoid  i n a d v e r t e n t  p r e c i p i t a t i o n  of a c t i n i d e  ox ides  w i t h i n  the 

r e a c t o r  system. However, t r ea tmen t  o f  m e l t s  w i t h  anhydrous HF (even when 

subs t an t i a l1 .y  d i l u t e d  wi th  112) s e r v e s  t o  lower t h e  ox ide  c o n c e n t r a t i o n  

t o  t o l e r a b l e  l e v e l s .  1 8 , 1 r 5  

Cornpat ihi- l i ty  of f u e l  with r e a c t o r  materials. Molten f l u o r i d e s  are  _ll.._......l l__l ............._-I I__ 

e x c e l l e n t  f l u x e s  f o r  many materials. Though some oxides  are  r e l a t i v e l y  

i n s o l u b l e ,  most are r e a d i l y  d i s s o l v e d ,  and  a l l  are  r a p i d l y  r e c r y s t a l -  

l i z e d ;  consequen t ly ,  p r o t e c t i v e  c o a t i n g s  are no t  u s e f u l ,  and t h e  b a r e  

c l e a n  metal must w i ths t and  c o r r o s i v e  a t t a c k ,  The r e a c t o r  metal ( I l a s t e l -  

loy-N, d e s c r i b e d  i n  d e t a i l  i n  Sec t .  3 . 4 )  w a s  chosen and t a i l o r e d  t o  be 

thermodynainically s t a b l e  t o  t h e  f u e l  components, as  much as  possi.bJ-e. 
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Corros ion  of Hastelloy-N by MSRE and MSRR f u e l  m i x t u r e s  wi thout  ir- 

r a d i a t i o n  and w i t h o u t  t h e  consequences of  f i s s i o n  h a s  been s t u d i e d  i n  

s o p h i s t i c a t e d  equipment f o r  many years .  It has been thoroughly  de- 

s c r i b e d ’  9 2 7 1 9 9 2 0  y 2 8 - 3 8 9 4 6 - 5 6  and can  be s a i d  t o  be w e l l  understood.  

Table  26 c l e a r l y  i n d i c a t e s  t h a t  chromium is t h e  most e a s i l y  oxid ized  

of t h e  major Hastelloy-N components. Corros ion  of the a l l o y ,  t h e r e f o r e ,  

i s  e s s e n t i a l l y  by s e l e c t i v e  l e a c h i n g  o f  chromium from t h e  a l l o y .  A r a p i d  

i n i t i a l  a t t a c k  can r e s u l t  from r e a c t i o n s  s u c h  as 

3; 

FeF2 + C r  -f C r F Z  + Fe , 

2HF + C r  + C r F z  + Hz , 

2 N i O  + ThF4 + ThQz + 2 N i F 2  , 

and 

N i F 2  + C r  -+ CrF2 -t N i  

i f  t h e  f u e l  s a l t  i s  impure o r  i f  t h e  m e t a l  sys tem is  p o o r l y  c leaned .  

These r e a c t i o n s  proceed t o  comple t lon  a t  a l l  tempera tures  w i t h i n  t h e  re- 
a c t o r  c i r c u i t  and do n o t  a f f o r d  a b a s i s  f o r  cont inued  a t t a c k .  

The most o x i d i z i n g  of t h e  major  c o n s t i t u e n t s  oE t h e  f u e l  is  UFb,  and 

t h e  r e a c t i o n  

h a s  an e q u i l i b r i u m  c o n s t a n t  w i t h  a s m a l l  t empera ture  dependence. When 

t h e  sa l t  i s  f o r c e d  t o  c i r c u l a t e  v e r y  r a p i d l y  through a l a r g e  (140°C) t e m -  

p e r a t u r e  g r a d i e n t ,  a s  i s  t h e  case w i t h i n  t h e  r e a c t o r  c i r c u i t ,  a mechanism 

exis ts  f o r  mass t r a n s f e r  of chromium and f o r  cont inued  a t t a c k .  The re- 

s u l t  i s  tha t  chromium i s  s e l e c t i v e l y  removed from t h e  a l l o y  i n  hkgh- 

tempera ture  r e g i o n s  and d e p o s i t e d  on t h e  a l l o y  i n  low-temperature r e g i o n s  

Molybdenum f l u o r i d e s  are somewhat less  s t a b l e  t h a n  NiF2. M O F ~ ( ~ )  
* 

a t  900 K h a s  a s t a n d a r d  f r e e  energy  of  formation25 of about  215  k J  (-51.4 
k c a l )  per  gram-atom of F-. 



58 

of t h e  r e a c t o r .  The ra te  of t r a n s f e r  of chromium is l i m i t e d  by t h e  ra te  

a t  which t h e  t r a n s f e r r e d  chromium can d i f f u s e  i n t o  t h e  a l l o y  i n  t h e  l o w -  

temperature reg ions .  1 9 , 2 " 9  5 6  

c o r r o s i o n  t e s t i n g  have demonst ra ted  the v a l i d i t y  of t h i s  mechanism and 

have shown t h a t  such  c o r r o s i o n  w i l l  prove t o  be  on ly  a t r i f l i n g  problem 

f o r  MSBR. Apprec iab le  chromium d e p l e t i o n  would be expec ted  t o  a d e p t h  of 

less  than  0.13 mm/year (0 .5  m i l / y e a r )  i n  metal a t  7 O 4 " ~ . ~ ~ , ~ ~  

The r e s u l t s  of two decades  of s o p h i s t i c a t e d  

* 

The i n i t i a l  a t t a c k ,  which i s  n o t  s e r i o u s  i f  p roper  p u r i f i c a t i o n  of 

the s a l t  and c l e a n i n g  of t h e  system have occur red ,  c a n  be  m i t i g a t e d  by 

t h e  p re sence  of a small  q u a n t i t y  of  UF3 a long  wi th  IJF4 i n  t h e  s a l t .  Con- 

t r o l  of t h e  o x i d a t i o n  s ta tes  of  plutonium and p r o t a c t i n i u m  and of c e r t a i n  

f i s s i o n  p roduc t s ,  a long  w i t h  c o n t r o l  of tile o x i d a t i v e  e f f e c t s  o f  t h e  f i s -  

s i o n  p r o c e s s ,  f u r n i s h  mort? cogent  r easons  f o r  ma in ta in ing  UF3 i n  the  f u e l  

mix ture .  S l i g h t  c o n t i n u i n g  c o r r o s i o n  i s  a f f e c t e d  v e r y  l i t t l e  ( i f  a t  a l l )  

by the  presence  of  small q u a n t i ' r i e s  of  UF3. 

The unc lad  moderator  g r a p h i t e  i s  no t  we t t ed  by o r  chemica l ly  r e a c t i v e  

t o  the standarcl  MSRE or  NSBR f u e l  composi t ions ,  and t h e s e  f a c t s  appea r  un- 

changed by i n t e n s e  i r r a d i a t i o n  and t h e  consequences of f i s s i o n .  

)i:stimates22 are  that t h e  MSRE g r a p h i t e  moderator  s t a c k  (3700 kg)  acqu i red  

less  t h a n  2 g of  uranium d u r i n g  o p e r a t i o n  of  the  r e a c t o r .  Obviously,  no 

a p p r e c i a b l e  in tyerac t ion  of g r a p h i t e  w:i t h  t h e  f u e l  (whose UF3/UFI, r a t i o  was 

neve r  above 0 . 0 2 )  occurred  i n  t h a t  r e a c t o r .  However, g i v e n  a s u f f i c i e n t l y  

h i g h  UF3/UF4 r a t i o ,  fo rma t ion  of  uranium c a r b i d e s  must be  expec ted ,  and 

t h i s  should  be avoided. To th  and G i l p a t r i c k ,  who used spec t rophotometry  

i n  a g r a p h i t e  c e l l  w i t h  diamond windows t o  a s s a y  e q u i l i b r i u m  UF3 and  UF4 

concentrat : ions , have c a r e f u l l y  s t u d i e d  uranium c a r b i d e  format ion  u s i n g  

Zki2ReFq (Refs .  59  and 6 0 ) ,  o t h e r  LiF-BeFZ m i x t u r e s , 6 0  ,51 and LiF-BeF2-ThF4 

(72-15-12 mole x )  (Ref. 61)  as s o l v e n t s .  A s u r p r i s i n g  f i n d i n g  of t h e s e  

s t u d i e s  i s  t h a t ,  c o n t r a r y  t o  g e n e r a l l y  accep ted  thermodynamic d a t a , 6 2  UC2 

i s  t h e  s t a b l e  c a r b i d e  phase o v e r  t h e  tempera ture  i n t e r v a l  550 t o  700°C. 

F i g u r e  1 2  shows t h e  r e s u l t s 6 '  of e q u i . l i b r n t i o n  exper iments  i n  MSBR f u e l  

so lven t .  A p p a r e n t l y ,  a t  t h e  lowes t  t empera tu re  (565°C) w i t h i n  a DMSR, 

19,20, 57,58 

- 

"Corrosion i n  t h e  p re sence  of f i s s i o n  and f i s s i o n  p roduc t s  i s  more 
complex. See Sects. 3.3.2 -Ind 3.4 f o r  a d d i t i o n a l  de t a i l s .  
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Fig. 12. Equilibrium quotients, Q = (UF?>4/(UF~)3 vs temmrature 

formation of UC2 should  no t  occur unless the UFQ/UFL+ ratio is above about 
0.17. Further experimentation w i t h  larger systems i s  desirable, but: 
1JF3/UFq ratios of at least 0.1 apparently can be accommodated, If desir- 

able. 
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3.3.1.4 O p e r a t i o n a l  c o n s t r a i n t s  and u n c e r t a i n t i e s  

Most o f  t h e  f u e l  behavior  d e s c r i b e d  o r  imp l i ed  above may be  consid-  

e r e d  well a u t h e n t i c a t e d .  S e v e r a l  c o n s t r a i n t s  and a t  l eas t  minor uncer- 

t a i n t i e s  are obvious,  

1. Fuel f o r  a DMSR must be prepared from L i F  c o n t a i n i n g  a ve ry  h igh  

pe rcen tage  of 7 L i .  

2. The f u e l  mix tu re  m u s t  be  managed and main ta ined  so t h a t  an appre-  

c i a b l e  f r a c t i o n  of t h e  i.iranirm i s  p r e s e n t  as UF3. 

3 .  A d d i t i o n a l  exper iments  are  necessa ry  t o  e s t a b l i s h  e x a c t l y  what 

f r a c t i o n  of t h e  uranium may be  p r e s e n t  as UF3 wi thou t  d e l e t e r i o u s  chemieal  

r e a c t i o n s  of t h e  UF3 with g r a p h i t e  o r  p o s s i b l y  w i t h  o t h e r  m a t e r i d s  w i t h i n  

t h e  pr imary r e a c t o r  system. 

4 .  Direct measurement of  t h e  p h y s i c a l  and h e a t - t r a n s f e r  p r o p e r t i e s  

of t h e  DMSR f u e l  m i x t u r e  must be  made. 

5. F u r t h e r  s t u d y  of t h e  fundamental. thermodynamic p r o p e r t i e s  of so- 

l u t e s  i n  t h e  LiF-BeF2-ThFl+-UFl+ mix tu re  are needed t o  ensu re  t h a t  b a s i c  

unders tanding  of t h e  chemica l  behavior  i s  a c c u r a t e .  

3.3.2 F i  .- ss ion-product  behavior  

3.3.2.1 F i s s i o n  and i t s  consequences 

Fragments produced on f i s s i o n  of a heavy atom o r i g i n a t e  i n  energy 

s ta tes  and w i t h  i o n i z a t i o n  l e v e l s  f a r  from t h o s e  norinal.1.y cons ide red  i n  
chemical  r e a c t i o n s .  When t h e  f i s s i o n  OCCUPS i n  a well-mixed mol t en - sa l t  

l i q u i d  mediiiiu, t h e s e  f ragments  must come t o  a s t e a d y  s t a t e  as commonly 

enc-ountered chemical  e n t i t i e s  because they q u i c k l y  l o s e  energy through 

c o l l i . s i o n s  w i t h  t h e  medium. The va lence  s ta tes  t h a t  t h e s e  chemical  spe- 

c i e s  assume are  presumably de f ined  by t h e  requi rements  t h a t  (1)  c a t i o n -  

an ion  equ iva lence  be main ta ined  i n  t h e  mol t en - sa l t  medium and ( 2 )  redox 

e q u i l i b r i a  be e s t a b l i s h e d  between the  m e l t  and t h e  s u r f a c e  l a y e r s  of t h e  

c o n t a i n e r  meta l .19sS3 P 6 ' '  

f i s s ion -p roduc t  a n i o n s  p l u s  t h e  f l u o r i d e  i o n s  r e l e a s e d  by d i sappea rance  

* 

The f i s s ion -p roduc t  c a t i o n s  must s a t i s f y  t h e  

* The r a p i d  r a d i o a c t i v e  decay of many s p e c i e s  f u r t h e r  compl i ca t e s  a n  
a l r e a d y  cornpl ex s i t u a t i o n .  



of the f i s s i o n e d  atom. 

would prove adequate  o n l y  i f  some of t h e m  assumed o x i d a t i o n  s t a t e s  cor- 

r o s i v e  t o  HastelPoy-N. 

t h i s  view; t h e s e  s t u d i e s  i n d i c a t e d  t h a t  t h e  summation o f  t h e  products  of 

f i s s i o n  y i e l d  and s t a b l e  v a l e n c e  f o r  each s p e c i e s  might be as l o w  a s  t h r e e  

p e r  f i s s i o n  event .  Accordingly,  f i s s i o n  of UF4 [ r e l e a s i n g  4 F" f- 0,015 

( B r -  + I-) p e r  f i s s i o n ]  would be i n t r i n s i c a l l y  o x i d i z i n g  to  Wastelloy-N. * 
Maintenance of a s m a l l  F r a c t i o n  of the uranium i n  t h e  f u e l  as UF3 was 

s u c c e s s f u l l y  adopted  t o  p r e c l u d e  c o r r o s i o n  from f i s s i o n  of 2351JF4 i n  t h e  

MSRE." 

w i l l  p revent  any untoward immediate consequences of t h e  f i s s i o n  e v e n t  and 

w i l l  permi t  grow-in of t h e  f i s s i o n  p r o d u c t s  i n  v a l e n c e  s ta res  d e f i n e d  by 

t h e  redox p o t e n t i a l .  

E a r l y  assessment63  i n d i c a t e d  t h a t  t h e  c a t i o n s  

A more r e c e n t  examinat ione5 S t r o n g l y  suppor ted  

A p r o p e r l y  main ta ined  redox p o t e n t i a l  i n  t h e  f u e l  s a l t  a p p a r e n t l y  

3.3.2.2 E f f e c t s  of r a d i a t i o n  

When f i s s i o n  o c c u r s  i n  a mol ten  f l u o r i d e  s o l u t i o n ,  both e l e c t r o -  

magnet ic  r a d i a t i o n s  and p a r t i c l e s  o f  v e r y  h i g h  energy  and i n t e n s i t y  

o r i g i n a t e  w i t h i n  t h e  f l u i d .  Local o v e r h e a t i n g  i s  a lmost  c e r t a i n l y  n o t  

impor tan t  i n  a DMSR where t u r b u l e n t  f low c a u s e s  r a p i d  i n t i m a t e  mixing. 

Moreover, t h e  bonding i n  mol ten  f l u o r i d e s  i s  comple te ly  i o n i c .  Such a 

m i x t u r e ,  w i t h  n e i t h e r  c o v a l e n t  bonds t o  r u p t u r e  n o r  a l a t t i ce  to  d i s r u p t ,  

should b e  q u i t e  r e s i s t a n t  t o  r a d i a t i o n .  N e v e r t h e l e s s ,  because t h e r e  plau- 

s i b l y  ex is t s  a r a d i a t i o n  leve l  s u f f i c i e n t l y  h i g h  t o  d i s s o c i a t e  a molten 

f l u o r i d e  i n t o  metal and f l u o r i n e , +  a number of tests of t h e  p o s s i b i l i t y  

were made.19,20,63,6S 

Many i r r a d i a t i o n  tests w e r e  conducted p r i o r  t o  1959 w i t h  NaF-ZrF4-UF4 

m i x t u r e s  i n  Inconel  a t  t e m p e r a t u r e s  a t  o r  above 815°C (Refs.  24 and 25)  
and a t  q u i t e  h i g h  f i s s i o n  power d e n s i t i e s  from 80 t o  1000 MW/m3 of f u e l .  

No i n s t a b i l i t y  of t h e  f u e l  system was a p p a r e n t ,  and t h e  c o r r o s i o n  d i d  n o t  

exceed t h e  c o n s i d e r a b l e  amount expec ted  from l a b o r a t o r y - s c a l e  tests, 

" F i s s i o n  of PuF3 probably  would be n e a r l y  n e u t r a l  I n  t h i s  regard, 
and f i s s i o n  of a m i x t u r e  of UF,, and PuF3,  as i n  t h e  DMSK, would be j n t e r -  
media te  between t h e s e  extremes. 

TThis would occur  even though t h e  rate of recombina t ion  of e t a  arid F a  
should b e  ex t remely  r a p i d ,  
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These e a r l y  t e s t s  seemed t o  show t h a t  r a d i a t i o n  posed no t h r e a t  even 

a t  v e r y  h i g h  power l eve l s ,  b u t  f u r t h e r  s tudies66-69 were conducted primar- 

i l y  t o  t es t  t h e  w e t t i n g  of g r a p h i t e  by T,iF-ReF2-ZrF,-ThF4-UFq m i x t u r e s  

under i r r a d i a t i o n .  Exami.nation of  t h e s e  c a p s u l e s  a f t e r  s t o r a g e  a t  ambi- 

e n t  tempera tures  f o r  many weeks r e v e a l e d  a p p r e c i a b l e  q u a n t i t i e s  of CF,, 

and,  i n  most cases, c o n s i d e r a b l e  q u a n t i t i e s  of f l u o r i n e  i n  t h e  couer gas .  

Carefu l  examination20,70,71 s t r o n g l y  sugges ted  t h a t  t h e  Fz g e n e r a t i o n  had 

not  occur red  a t  t h e  h i g h  tempera ture  b u t  had occurred  by r a d i o l y s i s  of 

t h e  m i x t u r e  i n  t h e  s o l i d  s ta te ,  

T h i s  s u g g e s t i o n  was confirmed by i r r a d i a t i o n  of  two arrays of 

Hastelloy-N c a p s u l e s  

t u r e s .  Two of t h e  c a p s u l e s  i n  each a r r a y  had g a s  i n l e t  and e x i t  l i n e s  t o  

p e r m i t  sampling of t h e  cover  gas as d e s i r e d .  Gas samplrs  drawn from the 

tes t  c a p s u l e s  a t  o p e r a t i n g  tempera tures  and a t  v a r i o u s  power l e v e l s  up t o  

80 MW/m3 showed no F2 ( though an o c c a s i o n a l  sample froin t h e  f i r s t  a r r a y  

showed d e t e c t a b l e  traces o f  CF,) e 

t h e  c a p s u l e s  a t  about  35"C, p r e s s u r e  rises were observed ( u s u a l l y  a f t e r  

a n  i n d u c t i o n  per iod  of a few h o u r s ) ,  and F2 w a s  evolved.  I n  t h e  second 

a r r a y ,  t h e  c a p s u l e s  were kept  h o t  d u r i n g  r e a c t o r  shutdown a s  w e l l  as dur- 

i n g  o p e r a t i o n ;  no ev idence  of  F2 or CF, w a s  observed. Such F2 g e n e r a t i o n  

a t  ambient tempera tures  was subsequent ly  fol lowed f o r  s e v e r a l  months i n  

ORNL h o t  cel ls .  The g e n e r a t i o n  diminrshed w i t h  t i m e  i n  a manner C O F T ~ S -  

ponding c l o s e l y  w i t h  decay o f  f i s s i o n - p r o d u c t  a c t i v i t y ;  F2 e v o l u t i o n  a t  

35°C corresponded t o  about  0.02 molecule  p e r  100 e V  absorbed ,  c o u l d  b e  

comple te ly  s topped by h e a t i n g  t o  100°C o r  above, and could  be reduced 

markedly by c h i l l i n g  t o  -7OOC.  

a few hours ,  when tempera ture  w a s  r e t u r n e d  t o  35 ti:) 50°C. 

a l l  c o n t a i n i n g  g r a p h i t e  and LiF-BeF2-ZrFq-UF,+ mix- 

However, d u r i n g  r e a c t o r  shutdowns w i t h  

The Fz e v o l u t i o n  resumed, u s u a l l y  a f t e r  

These and subsequent  e x p e r i e n c e s ,  i n c l u d i n g  o p e r a t i o n  of t h e  MSRE, 

s t r o n g l y  i n d i c a t e  t h a t  r a d i . o l y s i s  of t h e  mol ten  f u e l  a t  r e a s o n a b l e  P O W ~ ~  

d e n s i t i e s  i s  n o t  a problem. It seems u n l i k e l y ,  though it  i s  p o s s i b l e ,  

t h a t  Dt4SR f u e l s  will e v o l v e  F2 on cool ing .  I f  t h e y  do ,  arrangements  must 

b e  made f o r  theiK s t o r a g e  a t  e l e v a t e d  remperature  u n t i l  a f r a c t i o n  of t h e  

decay energy  i s  d i s s i p a t e d .  
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3 .3 .2 .3  Chemical behavior  of f i s s i o n  p roduc t s  

The r e s u l t s  of a program of s o l u t i o n   thermodynamic^,^^,^^ a long-term 

program of i n - p i l e  i r r a d i a t i o n s  ,57 and a number of s p e c i a l  exper iments  

pe rmi t t ed  g e n e r a l l y  a c c u r a t e   prediction^,^^-^^ b u t  much of our  detailed ’- 

and s t i l l  incomplete  - unders tanding  of f i s s ion -p roduc t  behavior comes 

from o p e r a t i o n  of t h e  MSRE.19922*72 

t o  f o rm s t a b l e  compounds and t o  d i s s o l v e  i n  t h e  molten f u e l  serves t o  

d i v i d e  them i n t o  t h e  t h r e e  d i s t i n c t  g roups  d e s c r i b e d  i n  t h e  fo l lowing  

d i s c u s s i o n .  

The a b i l i t y  of t h e  f i s s i o n  p roduc t s  

Noble-gas f i s s i o n  p roduc t s  and tritium. Krypton and xenon (which 

i s  a n  impor tan t  neu t ron  a b s o r b e r )  form no compounds under c o n d i t i o n s  ex- 

i s t i n g  i n  a DMSR o r  o t h e r  mol t en - sa l t  r e a c t o r ,  1 9 3  7 3  

g a s e s  are o n l y  v e r y  s p a r i n g l y  s o l u b l e  i n  mol ten  f l u o r i d e  mixtures .  74-76 

As wi th  a l l  n o b l e  g a s e s  ( s e e  Fig.  1 3 ) , 7 6  t h e i r  s o l u b i l i t y  increases wi th  

t empera tu re  and w i t h  d imin i sh ing  s i z e  of t h e  gaseous  atom, whi le  t h e  h e a t  

of s o l u t i o n  i n c r e a s e s  wi th  i n c r e a s i n g  atomic s i z e .  This  low s o l u b i l i t y  

i s  a d i s t i n c t  advantage  because i t  e n a b l e s  t h e  ready  removal of k ryp ton  

and xenon from t h e  r e a c t o r  by spa rg ing  wi th  helium. 

p l e  spa rg ing  system of t h e  MSRE served  t o  remove more t h a n  802 of t h e  

13ke,  and f a r  more e f f i c i e n t  spa rg ing  w a s  proposed f o r  t h e  MSBR.” 
S t r i p p i n g  of t h e  n o b l e  g a s e s  from t h e  r e a c t o r  a f t e r  a s h o r t  r e s i d e n c e  

t i m e  avo ids  t h e  p re sence  of t h e i r  r a d i o a c t i v e  d a u g h t e r s  i n  t h e  f u e l .  

Moreover, t h e s e  

The r e l a t i v e l y  s i m -  

T r i t i u m  q u a l i f i e s  as a f i s s i o n  product  because small q u a n t i t i e s  of 

i t  are produced i n  t e r n a r y  f i s s i o n s .  However, e s s e n t i a l l y  a l l  o f  t h e  

tritium a n t i c i p a t e d  i n  E1SBRi0,77 r e s u l t s  from o t h e r  s o u r c e s ,  a s  shown i n  

Table  27. 

A DMSR a t  s imilar  power l e v e l  and w i t h  a g e n e r a l l y  similar f u e l  must 

be expected t o  g e n e r a t e  tritium a t  approximate ly  t h i s  same rate.  Th i s  

t r i t i u m  w i l l  o r i g i n a t e  i n  p r i n c i p l e  as 3HF; however, w i t h  a p p r e c i a b l e  

c o n c e n t r a t i o n s  of UF3 p r e s e n t ,  t h i s  3HF w i l l  be reduced l a r g e l y  t o  3 H 2 .  

* However, n o t e  that: t h e  po res  i n  t h e  moderator  g r a p h i t e  can  o f f e r  a 
haven €or t h e s e  gases .  
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Fig .  13.  S o l u b i l i t i e s  of f o u r  noble  g a s e s  as f u n c t i o n  o f  tempsratllre 
i n  1,iF-BeFz ( 6 4 - 3 6  mole %).76  

S o l u b i l i t y  of 3H2 i n  mol ten  s a l t s  has n o t  been measured, bu t  t h e  s o l u b i l -  

i t y  of  H2 i n  mol ten  L i2BeFq  i s  known78 t o  be v e r y  s m a l l . *  

3 H 2  would be  removed, along w i t h  k ryp ton  and xenon, by s p a r g i n g  w i t h  he- 

lium. 

Some of t h i s  

However, t h e  e x t r a o r d i n a r y  a b i l i t y  o f  hydrogen i s o t o p e s  t o  d i f f u s e  

* S o l u b i l i t y  of H 2  i n c r e a s e s  w i t h  temperature. and w i t h  pressure of 

~2 and is n e a r  G x moles ~ Z / r n ~  s a l t  at 7 0 0 ' ~ .  



Table  27. Sources  and r a t e s  of 
p roduc t ion  of  tritium i n  a 

1000-?$We MSB@ 

Produc t ion  ra te  

M B q / s  C i /d  
Source  

Te rna ry  f i s s i o n  13 31 

6 L i (  n , c ~ . ) ~ H  51 8 1210 

19F(n,170)3H 4 9 
7Li (n ,na)3H 501 1170 

._I 

T o t a l  1036 2420 

aFrom Ref. 77. 

th rough h o t  metals w i l l  pe rmi t  a l a r g e  f r a c t i o n  of t h e  3H2 t o  p e n e t r a t e  

t h e  pr imary h e a t  exchanger  t o  e n t e r  t h e  secondary  c o o l a n t .  Th i s  phenome- 

non and i t s  consequences are d e s c r i b e d  b r i e f l y  i n  Sec t .  3.3.3.2. 

F i s s i o n  p roduc t s  w i t h  s o l u b l e  s t a b l e  compounds. Rubidium, cesium, 

s t r o n t i u m ,  bar ium, y t t r i u m ,  t h e  l a n t h a n i d e s ,  and zirconium a l l  form q u i t e  

s t a b l e  f l u o r i d e s  t h a t  are  r e l a t i v e l y  s o l u b l e  i n  mol ten  f l u o r i d e  m i x t u r e s  

such  as MSBR and DMSR f u e l s .  I s o t o p e s  of t h e s e  e lements  t h a t  have no 

noble-gas p r e c u r s o r s ,  as  expec ted ,  appeared  a lmost  e n t i r e l y  i n  t h e  c i r c u -  

l a t i n g  f u e l  of t h e  M S R E . 1 9 , 2 0 s 2 2 ~ 7 2  Very s m a l l  q u a n t i t i e s  appeared a t  o r  

nea r  t h e  s u r f a c e  of exposed g r a p h i t e  specimens; most of t h i s  d e p o s i t i o n  

e v i d e n t l y  r e s u l t e d  from f i s s i o n  r e c o i l .  I s o t o p e s  such  as *'Sr and 140Ba, 

whose v o l a t i l e  p r e c u r s o r s  have a p p r e c i a b l e  h a l f - l i v e s  and which w e r e  par- 

t i a l l y  s t r i p p e d  from t h e  r e a c t o r ,  were found i n  samples  of t h e  cove r  g a s  

and w i t h i n  specimens of modera tor  g r a p h i t e  as w e l l  as i n  t h e  f u e l  of t h e  

MSRE. Along w i t h  behav io r  of o t h e r  i s o t o p e s ,  Fig.  14 shows t h e  p r o f i l e s  

observed f o r  137Cs and lLb0Ba i n  g r a p h i t e  specimens through d i f f u s i o n  of 

t h e i r  r e s p e c t i v e  ('37Xe, 3.9 min; l4OXe, 16 s )  p r e c u r s o r s .  
Bromine and i o d i n e  would be expec ted  t o  appea r  i n  t h e  f u e l  as s o l u b l e  

B r -  and I-, p a r t i c u l a r l y  i n  t h e  case where t h e  f u e l  c o n t a i n s  an  appre-  

c i a b l e  c o n c e n t r a t i o n  of UF3. No a n a l y s e s  f o r  B r -  were performed dur ing  
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Fig. 14. F i s s i o n  product  d i s t r i b u t i o n  i n  CGB ( 8 5 5 )  g r a p h i t e  specimen 
exposed i n  MSRE core d u r i n g  32,000 M!.h of power opera t ion .79  
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, 

o p e r a t i o n  of t h e  MSRE. 

t h e  i o d i n e  w a s  p r e s e n t  i n  t h e  

o r  g r a p h i t e  s u r f a c e s  i n  t h e  c o r e  r eg ion .  

1311 were g e n e r a l l y  low. 

(25 min),  w a s  v o l a t i l i z e d  and sparged  w i t h  t h e  k ryp ton  and xenon. Fur- 

t h e r ,  l3 l I  produced by decay of 131Te i n  complex metall ic d e p o s i t s  ( a s  i n  

t h e  h e a t  exchanger )  may n o t  have  been a b l e  t o  r e t u r n  t o  t h e  s a l t .  

Analyses  f o r  1311 showed t h a t  a l a r g e  f r a c t i o n  of 

and t h a t  1311 d e p o s i t e d  on metal 

However, material  b a l a n c e s  f o r  

It is p o s s i b l e  t h a t  some of t h e  p r e c u r s o r ,  131Te 

Noble and seminoble  f i s s i o n  p roduc t s .  Some f i s s i o n - p r o d u c t  metals 

( G e ,  A s ,  Nb, Mo, Ru, Rh, Pd, Ag,  Cd, Sn, and Sb) have  f l u o r i d e s  t h a t  are 

u n s t a b l e  toward r e d u c t i o n  by f u e l  m i x t u r e s  w i t h  a p p r e c i a b l e  concent ra -  

t i o n s  of UF3; t h u s ,  t h e y  must be expec ted  t o  e x i s t  e n t i r e l y  i n  t h e  ele- 

men ta l  s ta te  i n  t h e  r e a c t o r .  Selenium and t e l l u r i u m  were a l s o  expec ted  

t o  be p r e s e n t  as e l emen t s  w i t h i n  t h e  r e a c t o r  c i r c u i t ,  and t h i s  behav io r  

w a s  g e n e r a l l y  confirmed dur ing  o p e r a t i o n  of t h e  MSRE. 19s20 7 72 The MSRE 

f u e l  samples  u s u a l l y  con ta ined  f a r  less than  t h e  gene ra t ed  q u a n t i t i e s  of 

t h e s e  e lements .  P o r t i o n s  of t h e  MSRE samples  were found (p robab ly  as 

metall ic p a r t i c u l a t e s )  i n  t h e  hel ium s p a r g e  gas ,"  d e p o s i t e d  on m e t a l  sur -  

f a c e s ,  and (a r easonab ly  s m a l l  f r a c t i o n )  d e p o s i t e d  on g r a p h i t e  specimens. 

However, t h e  d i s t r i b u t i o n  and e s p e c i a l l y  t h e  i n v e n t o r y  i n  t h e  f u e l  a t  t h e  

sampling p o i n t  i n  t h e  pump bowl showed major v a r i a t i o n s ,  F u r t h e r  s t u d y  

w i l l  be  n e c e s s a r y  b e f o r e  d e t a i l s  of t h e i r  behav io r  can  be  p r e d i c t e d  w i t h  

conf idence  f o r  a DMSR. 

I n  g e n e r a l ,  t h e  r e s u l t s  from MSRE o p e r a t i o n s  s u g g e s t  t h e  fo l lowing .  2 o  

1, The bu lk  of t h e  n o b l e  metals remain a c c e s s i b l e  i n  t h e  c i r c u l a t i n g  loop  

bu t  w i t h  wide ly  va ry ing  amounts in c i r c u l a t i o n  a t  any p a r t i c u l a r  t i m e .  
2. I n  s p i t e  of t h i s  wide v a r i a t i o n  i n  the t o t a l  amount found I n  a par- 

t i c u l a r  sample ,  t h e  p r o p o r t i o n a l  composi t lon  i s  r e l a t i v e l y  c o n s t a n t ,  

i n d i c a t i n g  t h a t  t h e  e n t i r e  i n v e n t o r y  i s  i n  s u b s t a n t i a l  e q u i l i b r i u m  

w i t h  t h e  new material  be ing  produced. 

* Much-improved gas-sampling t echn iques  used  i n  l a t e r  s t a g e s  of MSRE 
o p e r a t i o n  showed t h e  f r a c t i o n  c a r r i e d  i n  t h e  g a s  t o  b e  less t h a n  2% of t h e  
q u a n t i t y  produced20 ( w i t h  t h e  p o s s i b l e  e x c e p t i o n  of 11 _+ 3% of Io3Ru).  



6 8  

3 .  The m o b i l i t y  of  t h e  pool of noble-metal  material s u g g e s t s  t ha t  de- 

p o s i t s  occuu as a n  accumulat ion of f i n e l y  d i v i d e d  wel l -mixed m a t e r i a l  

r a t h e r  t h a n  as a "plate." 

Such p r e c i p i t a t i o n  w i t h i n  t h e  reactGr, though expec ted ,  i s  a d i s -  

advantage,  P r e c i p i t a t i o n  on t h e  m e t a l  s u r f a c e  (most of which i s  i n  t h e  

h e a t  exchanger)  w i l l  be q u i t e  i n s u f f i c i e n t  t o  impede. f u e l  f low,  b u t  radi.0- 

a c t i v e  decay of t h e  d e p o s i t e d  material  c o n t r i b u t e s  t o  h e a t  generation dur- 

ing  r e a c t o r  shutdown. P r e c i p i t a t i o n  on the moderator g r a p h i t e ,  which ap- 

peared t o  be c o n s i d e r a b l y  smaller t h a n  on t h e  metal, would maximi-ze t h e i r  

o p p o r t u n i t i e s  t o  a b s o r b  v a l u a b l e  neut rons .  

Opera t ion  of the MSRE d i d  prodrmce one untoward e f f e c t  o f  f i s s i o n  
* products .  Metal s u r f a c e s  exposed t o  t h e  f u e l  i n  the MSRE showed g r a i n  

boundar ies  that  were e r n b r i t t l e d  t o  d e p t h s  of  0.1 t o  0.3 mm ( 5  t o  10 m i l s ) .  

I n  t h e  h e a t  exchanger ,  t h e  e m b r i t t l e d  boundar ies  opened t o  form metallo- 

g r a p h i c a l l y  v i s i b l e  c r a c k s ;  i n  o t h e r  r e g i o n s  such c r a c k s  formed o n l y  when 

t h e  specimens were d e l i b e r a t e l y  s t r a i n e d .  E a r l y  s tud ieseO i m p l i c a t e d  

f i s s i o n - p r o d u c t  t e l l u r i u m  as r e s p o n s i b l e  f o r  t h i s  embrittXtr.ment, and sub- 

sequent  work has  conEirmed t h i s + 4 6 9 4 8  

s t r o n g l y  s u g g e s t  t h a t  ( I )  i f  t h e  molten f u e l  i s  made t o  c o n t a i n  as much 

as  5% of t h e  uranium as UF3, t h e  t e l l u r i u m  would be p r e s e n t  as Te2- and 

( 2 )  i n  t h a t  form, te l l -ur ium i s  much less a g g r e s s i v e .  Much f u r t h e r  s t u d y  

w i l l  be n e c e s s a r y ,  bu t  use of t h i s  h i g h e r  but  s t i l l  moderate UF3/UF, r a t i o  

a p p a r e n t l y  w i l l  markedly a l levi-ate ,  and probnb1.y c o n t r o l ,  the t e l l u r i u m  

embr i t t l ement  problem. 

However, inore r e c e n t  s t u d i e s b 6 ,  8 1 , R 2  

3.3.2.4 O p e r a t i o n a l  c o n s t r a i n t s  
.__I 

Avoiding t h e  d e t r i m e n t a l  e f f e c t s  of f i s s i o n - p r o d u c t  t e l l u r i u m  (de- 

s c r i b e d  immediately preceding)  may make n e c e s s a r y  the o p e r a t i o n  o f  t h e  

DMSR w i t h  as much as 5% of t h e  uranium f l u o r i d e  p r e s e n t  as  UF3. 

e r a t i o n  of p o s s i b l e  r e a c t i o n s  of UF3 t o  produce uranium c a r b i d e s  (de- 

s c r i b e d  p r e v i o u s l y )  s u g g e s t s  t h a t  o p e r a t i o n  w i t h  a c o n s i d e r a b l y  h i g h e r  

Consid- 

_l__..._I_ * T h i s  s u b j e c t  i s  addressed  f u r t h e r  i n  Sect. 3 . 4 .  
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rn3/LJF, r a t i o  would be p o s s i b l e .  

DMSR o p e r a t i o n  p o s s i b l y  may r e s u l t .  

However, a more s u b t l e  c o n s t r a i n t  on 

The l a n t h a n i d e  t r i f  l u o r i d e s  are o n l y  modera te ly  s o l u b l e  i n  mol t e n  

LiF-BeFz-ThFq-UFq m i x t u r e s ;  i E  more than one such  t r i f l u o r i d e  i s  p r e s e n t ,  

t h e y  c r y s t a l l i z e  as a s o l i d  s o l u t i o n  of a l l  t h e  t r i f l u o r i d e s  on c o o l i n g  

of a s a t u r a t e d  m e l t .  Though n o t  d e f i n i t i v e ,  t h e r e  i s  ev idence  t h a t  t h e  

a c t i n i d e  t r i f l u o r i d e s  ( i n c l u d i n g  U F 3 )  might a l s o  j o i n  i n  such  s o l i d  so lu-  

t i o n s .  I f  so ,  t h e  t o t a l  ( l a n t h a n i d e  p l u s  a c t i n i d e )  t r i f l u o r i d e s  i n  t h e  

end-of- l i fe  r e a c t o r  might  p o s s i b l y  exceed t h e i r  combined s o l u b i l i t y .  

The s o l u b i l i t i e s  of PuF3 (Ref.  29 )  and CeF3 (Ref .  31) have been care- 

f u l l y  determined i n  LiF-BeF2-ThF,, (72-16-12 mole % )  and can b e  c o n s i d e r e d  

t o  b e  modera te ly  w e l l  known i n  DMSR f u e l .  According t o  Baes e t  a1.,29 

t h e  s o l u b i l i t y  of PuF3 i n  t h e  LiF-BeF2-ThF4 m e l t  a t  565°C ( t h e  minimum 

tempera ture  a n t i c i p a t e d  w i t h i n  t h e  DMSR f u e l  c i r c u i t )  is 1.35 mole %. The 

s o l u b i l i t y  of CeF3 under  t h e  same c o n d i t i o n s  a p p e a r s  t o  be v e r y  s l i g h t l y  

smaller (1.3 mole % ) . 2 9 3 3 1  

are  no t  w e l l  known. 

t r i f l u o r i d e s  ( i n c l u d i n g  CeF3) have been shown83 t o  b e  c o n s i d e r a b l y  smaller 

and t o  v a r y  w i t h  some more and some less  s o l u b l e  t h a n  CeF3. A s  a reason- 

a b l e  approximat ion  ( o b v i o u s l y ,  many a d d i t i o n a l  d a t a  are needed) ,  t h e  

s o l u b i l i t y  of  t h e  l a n t h a n i d e - a c t i n i d e  t r i f l u o r i d e  s o l i d  s o l u t i o n  may b e  

assumed t o  b e  n e a r  1.3 mole %. 

S o l u b i l i t i e s  of t h e  o t h e r  p e r t i n e n t  f l u o r i d e s  

I n  Li2ReF,, ,  t h e  s o l u b i l i t i e s  of  s e v e r a l  l a n t h a n i d e  

From Table  9 ,  t h e  DMSR f u e l  a t  end-of - l i fe  w i l l  c o n t a i n  some 1.404 x 

l o 5  moles o f  uranium i s o t o p e s  and 3.64 x lo3 moles of t ransuranium iso-  

topes .  The end-of - l i fe  i n v e n t o r y  of l a n t h a n i d e  p l u s  y t t r i u m  i s o t o p e s  w i l l  

b e  n e a r  4.7 x lo4 moles. I f  5% of t h e  uranium i s  p r e s e n t  as  UF3 and i f  

a l l  t r a n s u r a n i c  and l a n t h a n i d e  s p e c i e s  are assumed t o  b e  t r i v a l e n t ,  t h e  

end-of - l i fe  r e a c t o r  f u e l  w i l l  c o n t a i n  about  5.77 x IO4 moles of t r i f l u o -  

r i d e s .  

f o r e ,  would c o n t a i n  about  1.1 mole % o f  t r i f l u o r i d e s .  

t h e  combined t r i f l u o r i d e a  l i k e l y  would not  b e  exceeded w i t h i n  t h e  r e a c t o r  

c i r c u i t ,  b u t  a d d i t i o n a l  s o l u b i l i t y  d a t a  are needed t o  make t h i s  p o i n t  

c e r t a i n .  

The DPISR system ( w i t h  about  5 . 3  x 1Q6 moles of f l u o r i d e s ) ,  t h e r e -  

The s o l u b i l i t y  o f  
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3.3.2,s U n c e r t a i n  f e a t u r e s  

From the f o r e g o i n g  d i s c u s s i o n ,  s e v e r a l  u a c e r t a i n t i e s  a r e  a p p a r e n t .  

Detai1.s of b e h a v i o r  o f  t h e  noble  and seminoble f i s s i o n  products  are  s t i l l l  

poor ly  known. T h e  f r a c t i o n s  o f  each i s o t o p e  t h a t  will. appear  i n  t h e  o f f -  

g a s ,  d e p o s i t  on t h e  moderator  g r a p h i t e  , and d e p o s i t  on the  heat-exchanger 

metal. o f  t h e  DMSR can  o n l y  b e  c r u d e l y  es t imated .  That f r a c t i o n  which ap- 

pears i n  t h e  r e a c t o r  off-gas  would seem t o  cause  no insurmountable  prob-. 

l e m s  though t h a t  system - a t  01.1~ p r e s e n t  s t a t e  of  knowledge would need 

t o  ke overdesigned subs t a n t i a l l y .  Their d e p o s i t i o n  i n  t h e  heat exchanger 

i s  a recognized  d i s a d v a n t a g e  and will. be q u i t e  i n s u f f i c i e n t  t o  impede 

f u e l  f low,  but  r a d i o a c t i v e  decay o f  t h e  d e p o s i t e d  material c o n t r i b u t e s  

h e a t  t h a t  must be removed d u r i n g  r e a c t o r  shutdown. P r e c i p i t a t i o n  on t h e  

g r a p h i t e ,  which appears t o  be smaller C'nan on heat-exchanger m e t a l ,  rnaxi- 

rnizes t h e i r  o p p o r t u n i t i e s  t o  a b s o r b  n e u t r o n s ,  C l e a r l y ,  a b e t t e r  knowl- 

edge of t h i s  s i t u a t i o n  i s  needed, 

While the r e s u l t s  o b t a i n e d  i n  t h e  r e c e n t  past  a r e  h i g h l y  encouraging,  

addi . t inna l  d a t a  - e s p e c i a l l y  on a l a r g e r  sca1.e - are needed t o  e s t a b l i s h  

the redox poten t ia l .  (UF3/UF,+ r a t i o )  r e q u i r e d  t o  keep the t e l l u r i u m  crac-k- 

i n g  problem t o  t o l e r a b l e  l e v e l s ,  

s u b s t a n t i a l l y  above 0.05, t h e  p r o b a b i l i t y  of p r e c l p i t a t i o n  of  t r i f l u o r i d e  

s o l i d  so lu t ions  would he increased. 

Should t h e  r e q u i r e d  UF3/UFq r a t i o  rise 

Firral ly  a d d i t i o n a l  i n f o r m a t i o n  about  tlrtr. c o l l e c t i v e  s o l u b i l i t y  be- 

h a v i o r  of the  l a n t h a n i 3 e - a c t i n i d e  t r i f l u o r i d e s  i s  r e q u i r e d .  Should t h e y  

prove a p p r e c i a b l y  less s o l u b l e  than now b e l i e v e d  l i k e l y  some replacement  

of  f u e l  migh t  be r e q u i r e d  l a t e  i n  t h e  l i f e  of the e s s e n t i a l l y  unprocessed 

DMSR. 

3 , 3 , 3  F u e l  maintenance - 
To a c h i e v e  f u e l  main tsnance ,  (1) t h e  file1 must b e  d e l i v e r e d  t o  and 

i n t o  t h e  r e a c t o r  i n  a proper  s t a t e  oE p u r i t y  and homogeneity, ( 2 )  t h e  fuel. 

must be s u f f i c i e n t l y  p r o t e c t e d  from e x t r a n e o u s  i m p u r i t i e s ,  and ( 3 )  sound 

procedures  must e x i s t  f o r  a d d i t i o n  of t h e  r e q u i r e d  uranium am1 p r o v i s i o n  

of the r e q u i r e d  'JF3/UF4 r a t i o .  
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3 . 3 . 3 .  I P r e p a r a t i o n  of i n i t i a l  f u e l  

I n i t i a l  p u r i f i c a t i o n  p rocedures  f o r  t h e  DMSR p r e s e n t  no formidable  

problems. Nuclear po i sons  (e.g. ,  boron ,  cadmium, o r  l an than ides !  are n o t  

common contaminants  of t h e  c o n s t i t u e n t  r a w  materials. A l l  t h e  p e r t i n e n t  

compounds c o n t a i n  a t  least small amounts of water, and a i l  a r e  r e a d i l y  

hydrolyzed t o  o x i d e s  and o x y f l u o r i d e s  a t  e l e v a t e d  tempera tures .  The com- 

pounds L i F  and BeF2 g e n e r a l l y  c o n t a i n  a s m a l l  q u a n t i t y  of s u l f u r  as s u l -  

f a t e  ion.  Uranium t e t r a f l u o r i d e  commonly c o n t a i n s  small amonts o f  UQ2,  

UFg, and U O ~ E ’ z ,  

P u r i f i c a t i o n  p rocedures  6 3  9 84 9 8 5  used t o  p r e p a r e  materials f o r  t h e  

a i r c r a f t  r e a c t o r  exper iment  ( A R E ) ,  t h e  MSRE, and many l a b o r a t o r y  and en- 

g i n e e r i n g  expe r imen t s  have t r e a t e d  t h e  mixed materials a t  h i g h  tempera- 

t u r e  ( u s u a l l y  a t  6 O O O C )  w i t h  gaseous  H2-HF m i x t u r e s  and then  w i t h  pure  H2 

i n  equipment of n i c k e l  o r  copper .  The HF-H2 t r e a t m e n t  s e r v e s  t u  (1) re- 

duce t h e  U5+ and U6+ t o  U4+, ( 2 )  reduce  s u l f a t e  t o  s u l f i d e  arid remove i t  

as H2S, ( 3 )  remove C 1 -  as H C 1 ,  and ( 4 )  c o n v e r t  t h e  o x i d e s  and o x y f l u o r i d e s  

t o  f l u o r i d e s .  F i n a l  t r e a t m e n t  w i t h  H2  s e r v e s  t o  reduce  FeF3 and FeF2 to 

i n s o l u b l e  i r o n  and t o  remove NiF2 tha t  may have been produced du r ing  hy- 

d r o f l u o r i n a t i o n .  To d a t e ,  a l l  p r e p a r a t i o n s  have been performed i n  b a t c h  

equipment ,  b u t  con t inuous  equipment has  been p a r t i a l l y  deve loped ,  8 6 p  87 

For  a DMSR, as f o r  t h e  MSKE,8S p u r i f i c a t i o n  of t h e  bu lk  oE t h e  f u e l  

would presumably b e  conducted on TJiF-ReF2-ThFq-UF+ m i x t u r e s  c o n t a i n i n g  

perhaps  85 t o  90% of t h e  r e q u i r e d  UF4 and on mol ten  Li3UF7 t o  provide  t h e  

a d d i t i o n a l  uranium n e c e s s a r y  t o  b r i n g  t h e  f u e l  t o  t h e  c r i t i ca l  and oper-  

a t i n g  c o n c e n t r a t i o n .  

Such a p u r i f i c a t i o n  procedure  can p rov ide  a s u f f i c i e n t l y  pure  and 

carnpletely homogeneous f u e l  material f o r  i n i t i a l  o p e r a t i o n  of t h e  r e a c t o r .  

3.3.3.2 Contaminat ion  p o s s i b i l i t i e s  

Though t h e  f u e l  material  can  be s u p p l i e d  and in t roduced  i n t o  t h e  

r e a c t o r  i n  s u f f i c i e n t l y  p u r e  form, con tamina t ion  of t h e  f u e l  1s p o s s i b l e  

from s e v e r a l  sou rces .  

O the r  r e a c t o r  materials. The modera tor  g r a p h i t e  can  c o n t a i n  a l a r g e  

q u a n t i t y  of COz, CO, and H20 by v i r t u e  of i t s  p o r o s i t y  and i n t e r n a l  
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s u r f a c e .  

e l e v a t e d  t empera tu re  i s  n e c e s s a r y  and s u f f i c i e n t  t o  p r e v e n t  contaminat ion  

of t h e  f u e l  by ox ide  i o n  from r e a c t i v e  g a s e s  from this source*  

Outgass ing  of  the moderator  by pumping a t  reduced p r e s s u r e  and 

Oxide f i l m s  on  the structural. metal can a l s o  contaminate  t h e  fuel  by 

oxlde i o n ,  and ,  as  d e s c r i b e d  p r e v i o u s l y ,  the dissol.vecl Fe3+, Fe2+, and 

N i F k  can  be  r e s p o n s i b l e  f o r  subsequent  metal co r ros ion .  

the MSRE, the system was f l u s h e d  w i t h  an TAiF-BeF2 mix tu re  f o r  c l e a n i n g  a t  

s t a r t - u p  and a f t e r  each shutdown b e f o r e  i n t r o d u c t i o n  of the f u e l  mix ture .  

This p r e c a u t i o n  might  h e  UlltlOCc?SSaKy, bur  i t  d i d  s u f f i c e  t o  keep oxide  

contaminat ion  caused by s u r f a c e  o x i d a t i o n  o f  t h e  meta.1 t o  a minimum. 

I n  o p e r a t i o n  of 

A small ("100-ppm) c o n c e n t r a t i o n  of Cr2-+ i n  t h e  f u e l  as a consequence 

of  r e a c t i o n  oE the metal wi t :h  t h e  f u e l  cannot  be  avoided.  However, i n  t h e  

absence of  ex t r aneous  o x i d a n t s ,  Che r e a c t i o n  i s  v e r y  s l i g h t ,  and t h e  p r e s -  

ence of ~ r 2 +  i s  comple te ly  innocuous,  

Grow-in of the  f i s s i o n  p roduc t s  i s  a l s o  unavoidable ,  a s  i s  t h e  p r e s -  

ence of a r e l a t i v e l y  s m a l l  s t e a d y - s t a t e  c o n c e n t r a t i o n  of  3n2. 

Atmospheric contaminat ion.  _._.. Rea.ction o f  t h e  DMSR f u e l  mix tu re  wi th  -- 
k oxygen i s  r e l a t i v e l y  s low,  but  r e a c t i o n  with water vapor  i s  more r a p i d ,  

F u r t h e r ,  contaminat ion  o f  t h e  fuel  wi th  40 t o  50 ppm (by  weight )  of  ox ide  

i o n  could  r e s u l t  i n  p r e c i p i t a t i o n  of a u r a n i m - r i c h  (U'Ch302 s o l i d  S O ~ U -  

tion. A l a r g e  ingress of contaminant  a i r  would be r e q u i r e d  t o  produce 

40 ppm of 02- in LIE f u e l ,  and t h e  DMSR would be des igned  and ope ra t ed  so 

as t o  minimize t h e  chances  of such  contaminat ion.  Opera t ion  of MSXE 

du r ing  much of a four-year  p e r i o d  w i t h  many shutdowiis and s e v e r a l  minor 

r e p a i r  o p e r a t i o n s  showed no ev idence  of an  i n c r e a s e  i n  oxide  contamina- 

ti.orr level.22 

nlixture dur ing  i t s  p r e p a r a t i o n  reduces  t h e  02- c o n c e n t r a t i o n  t o  innocuous 

l e v e l s  and similar treatment of contanii.natrd f u e l  would serve t o  remove 

t h e  02-. Such t r ea tmen t  nitglit never  be r e q u i r e d ,  b u t  i n  t h e  DMSR, s imp le  

equipment should be inc luded  that  i s  capab le  of  t r ea tmen t  to remove ox ide  

ion  should i n a d v e r t e n t  contamtxiation occur .  

Treatment of the i n i t i a l  f u e l  charge  w i t h  anhydrous 1IF-H2 

*!lowever, t h e  r e a c t o r  m e t a l  a t  h i g h  tempera ture  can  r e a d i l y  react .  
w i t h  oxygen, and t h e  f u e l  can r e a c t  with t h e  o x i d e s  formed i n  t h i s  manner. 
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Contaminat ion of f u e l  by secondary  coo lan t .  The o n l y  secondary  cool -  

a n t  t h a t  has been demonst ra ted  i n  a mol t en - sa l t  r e a c t o r  i s  L i2BeF ,+s  which 

i s  prepared  from 7LiF  and pu r iE ied  through procedures  d e s c r i b e d  p r e v i o u s l y  

f o r  t h e  f u e l  used i n  t h e  MSRE.22 'h is  material is n o t  cons ide red  s u i t a b l e  

For an  MSBR O K  a DMSR because  i t  i s  expens ive  and i t s  l i q u i d u s  i s  t o o  

high. Many s u b s t i t u t e s  have been c o n s i d e r e d ,  brit nane have p r o p e r t i e s  

t h a t  are a l l  n e a r  t h e  i d e a l .  On ba lance ,  t h e  b e s t  c h o i c e  a p p e a r s  t o  be 

a m i x t u r e  of 8 mole 2 NaF and 92 mole X NaBF4 (Refs. 19, 20, and 88). 
These compounds are r e a d i l y  a v a i l a b l e  a t  low c o s t ,  

Pig.  1 5 1 ,  s t a b i l i t y  toward gamma r a d i a t i o n  i n  t h e  pr imary  h e a t  exchanger,90 

h e a t - t r a n s f e r  proper tie^,^^ 9 2 4  p 9 1  and ~ o m p a t i b i l i t y ~ ~  9 4 8  w i t h  modi f ied  

Hastelloy-N a l l  appea r  adequate .  

The l i q u i d ~ s ~ ~  ( s e e  

In t e rmix ing  of t h e  f u e l  and t h e  secondary  c o o l a n t  sa l ts ,  as caused 

by l e a k s  i n  t h e  pr imary  h e a t  exchanger ,  would be  an impor t an t  cons ide ra -  

t i o n .  

h i g h e r  p r e s s u r e  on t h e  c o o l a n t  s i d e  s o  t h a t  most l e a k s  would be  of cool- 

a n t  i n t o  f u e l .  Such a l e a k ,  however small, shou ld  be recognized  a t  once 

The MSBR design '  and presumably t h e  DMSR d e s i g n  a s s u r e d  a s l i g h t l y  
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because of  t h e  marked r e a c t i v i t y  loss caused by admission of boron i n t o  

the fuel., 

A s m a l l  q u a n t i t y  of NaF-NaBFl, added t o  t h e  DMSK f u e l  would a l l o w  

d i s s o c i a t i o n  of t h e  NaBF4 i n t o  NaF arid BF3. "he NaF would dissol .ve i n  

the f u e l  and remain as a minor parasi t ic  neut ron  absorber .  The HF3 i s  

r e l a t i v e l y  i n s o l u b l e  i n  t h e  fuel" 9 9 3  and would h e  r e a d i l y  sparged w i t h  

t h e  krypton  and xenon i n t o  t h e  o f f - g a s  system. A s u f f i c i e n t l y  small. con- 

t i n u i n g  l e a k  could  p o s s i b l y  be t o l e r a t e d  w i t h  some impairment i n  system 

performance. Given  that t h e  l e a k i n g  t u b e  could  be plugged, i n f r e q u e n t  

small 1-eaks a lmost  c e r t a i n l y  would n o t  pose  s a f e t y  problems. Addi t ion  of 

a s u f f i c i e n t l y  l a r g e  q u a n t i t y  of NaF-NaBF4 could  l.end t o  format ion  of two 

immiscible  l i q u i d  phases.93 

of p e r c e n t s  of c o o l a n t  t o  f u e l )  seems i n c r e d i b l e ;  t h e  presence  of  t h e  

l a r g e  q u a n t i t y  of boron should c e r t a i n l y  p r e c l u d e  r e a c t i v i t y  a c c i d e n t s ,  

bu t  t h e  f u e l  would h e  ru ined .  Return ing  t h e  f u e l  m i x t u r e  t o  some s e c u r e  

s i t e  f o r  recovery  would be n e c e s s a r y ,  and a most d i f f i c u l t  c leanup and 

r epa i r  of t h e  r e a c t o r  would b e  n e c e s s a r y ,  i f  p o s s i b l e .  

* 

Such a 1ea.k (one  c a p a b l e  of addi.ng a few t e n s  

S m a l l  l e a k s  o f  cool.arit i n t o  t h e  f u e l  system probably pose no s a f e t y  

problems. However, a d d i t i o n a l  s t u d y  o f  t h e  mixing of t h e s e  f l u i d s  i n  

r e a l i s t i c  geometr ies  and i n  f lowing systems i s  needed before. we can  be 

c e r t a i n  t h a t  no p o t e n t i a l l y  damaging s i t u a t i o n  could  ar ise  as  a C Q ~ S ~ - -  

quence of a sudden major f a i l u r e  of t h e  h e a t  exchangere2 '  

The f l u o m b o r a t e  secondary c o o l a n t  a p p a r e n t l y  w i l l  conta1.n sinall 

q u a n t i t i e s  of oxygenated s p e c i e s  and some species c o n t a i n i n g  hydroxyl 

ions .20  These would be c a p a b l e  of p r e c i p i t a t i n g  o x i d e s  from t h e  f u e l  i f  

t h e  c o o l a n t  were mixed w i t h  f u e l  i n  J-arge amounts, b u t  t h e  e f f e c t s  would 

be t r i v i a l  compared w i t h  o the r  e f f e c t s  noted previous ly .  These s u b s t a n c e s  

i n  t h e  secondary c o o l a n t ,  however, appear  ho have a n o n t r i v i a l  and bene- 

f i c i a l  e f f e c t  on DMSR performance.'  

e n t  a b i l i t y  of  t h e  secondary c o o l a n t  t o  scavenge tritium and c o n v e r t  i t  

to  a r e c o v e r a b l e  water-sol.uble form. 

mis b e n e f i c i a l  e f f e c t  i s  t h e  appar- 

A s  noted  ea r l i e r ,  a DMSR must be expected t o  g e n e r a t e  about  1 G B q / s  

(2500 @ t / d )  of  tritium, arid most of t h i s  must be expected t o  d i f f u s e  
-_,._ .__. * However, t h e  off-gas system would have t o  be designed t o  accomo- 
d a t e  t h e  consequences of BF3 admission.  



th rough t h e  w a l l s  of t h e  p r i m a r y  h e a t  exchanger  i n t o  t h e  c o o l a n t .  E a r l y  

estimatesg4 sugges t ed  t h a t ,  u n l e s s  o t h e r  mechanisms f o r  tritium r e t e n t i o n  

were p rov ided ,  as  much as 60% of t h e  tritium gene ra t ed  would he l o s t  

th rough t h e  c o o l a n t  p ip ing  t o  t h e  steam sys tem,  from which it  would be 

presumed t o  escape t o  t h e  environment .  Such a l o s s  ra te  t o  t h e  environ-  

ment would be i n t o l e r a b l y  high. 

Smal l - sca le  s t u d i e s g 5  996 sugges t ed  t h a t  ox ide-bear ing  and p ro tona ted  

(e .g . ,  BF30H-) species w e r e  p r e s e n t  i n  t h e  molten NaF-NaBF,, mixture pro- 

posed as t h e  secondary  c o o l a n t ;  t h e  h y p o t h e s i s  w a s  t h a t  exchange r e a c t i o n s  

might  o f f e r  a mechanism f o r  holdup of tritium i n  t h i s  mix ture .97  

scale exper imentsg8  y g 9  seemed t o  show t h a t  deuter ium d i f f u s e d  through a 

t h i n  metal t u b e  i n t o  such  m i x t u r e s  was r e t a i n e d  by t h e  m e l t  bu t  t h a t  ex- 

change w i t h  OH- w a s  n o t  t h e  r e s p o n s i b l e  mechanism. 

Smal l -  

Though t h e  t r a p p i n g  mechanism remains obscu re ,  more r e c e n t  testslO 

have  confirmed t h e  a b i l i t y  of NaF-NaRF4 mixtures t o  hold up t h e  tritium. 

An e n g i n e e r i n g - s c a l e  l o o p ,  th rough which t h e  salt cou ld  be pumped a t  0.05 

m 3 / s  (850 gpm), w a s  used. 

be in t roduced  by d i f f u s i o n  through th in-wal led  t u b e s  w i t h i n  t h e  sa l t ;  

a l s o ,  t h e  q u a n t i t i e s  of tritium w i t h i n  t h e  s a l t ,  t h e  q u a n t i t i e s  removed 

i n  t h e  g a s  f low above t h e  f r e e  sa l t  s u r f a c e  w i t h i n  t h e  pump bowl, and t h e  

q u a n t i t y  d i f f u s i n g  through t h e  loop  w a l l s  i n t o  the c o o l i n g  a i r  cou ld  b e  

determined.  During s t e a d y - s t a t e  operaticsn of t h i s  d e v i c e  i n  two tes ts ,  

each  l a s t i n g  abou t  60 d a y s ,  material b a l a n c e  accounted for  about  99% oE 

t h e  added tritium." 

f l u e n t  gas s y s t e m  of t h e  pump, w i t h  more t h a n  90% of t h i s  i n  a chemica l ly  

combined (wa te r - so lub le )  form. The tritium w i t h i n  t h e  s a l t  w a s  essen-  

t i a l l y  a l l  c h e m i c a l l y  combined; t h e  r a t i o  of f r e e  tritium t o  combined 

tritium w a s  less t h a n  1:4000.  E x t r a p o l a t i o n  of t h e s e  d a t a  t o  t h e  MSBR 

c o o l a n t  s y s t e m  s u g g e s t s  t h a t  tritium l o s s e s  t o  t h e  MSBR steam g e n e r a t o r  

could  be  kep t  t o  less t h a n  -4 MBq/s (10 C i / d > .  

Th i s  loop  w a s  a r r anged  so t h a t  tritium could  

About 98% of t h e  added t r i t i u m  appeared I n  t h e  ef- 

F u r t h e r  s t u d i e s  are c lear ly  n e c e s s a r y ;  once t h e  mechanism i s  e s t a b -  

l i s h e d ,  t h e  performance of t h e  s y s t e m  might b e  improved. Means f o r  re- 

p l e n i s h e n t  o f  t h e  a c t i v e  a g e n t  must b e  e s t a b l i s h e d ,  and improved means 

f o r  r ecove ry  and u l t i m a t e  d i s p o s a l  of t h e  tritium must be  developed.  



76 

3.3.3.3 F u e l  maintenance o p t i o n s  and methods 

The i n i - t i a l  f u e l  cha rge  f o r  a DMSR c a n  be prepared  i n  a h igh  s t a t e  

of  p u r i t y  and in t roduced  i n t o  the r e a c t o r  by minor v a r i a n t s  of t h e  

methods" used f o r  t l i r  MSRE4 and proposed f o r  t h e  MSBR.8 

th rough Dl4SK t h a t  p roposes  no chemical  reprocessi.ng t o  remove f i s s i o n  

products  t h e  r e q u i r e d  f u e l  maintenance o p e r a t i o n s  are  re1at: ivel .y few. 

They i n c l u d e  ( 1 )  con t inuous  removal ( b y  t h e  spa rg ing  and s t r i p p i n g  sec- 

t i o n  oE  he r e a c t o r )  o f  f i s s ion -p roduc t  krypton  and xenon, ( 2 )  a d d i t i o n  

of 2 3 5 U  and 238U t o  r e p l a c e  t h a t  lost:  by burnup and t o  keep the fue l  suf-  

f i c i e n t l y  d e n a t u r e d ,  and ( 3 )  i n  s i t u  p roduc t ion  of UF3 t o  keep t h e  redox 

p o t e n t i a l  of  t h e  f u e l  a t  t h e  d e s i r e d  l e v e l ;  t h e y  probably a l s o  i n c l u d e  

( 4 )  removal oE i n a d v e r t e n t  ox ide  contaminants  from t h e  f u e l ;  i n  a d d i t i o n ,  

t hey  may i n c l u d e  ( 5 )  add- i t i on  of ThF4 t o  replace t h a t  l o s t  by transmuta-- 

t i o n  or s t o r e d  w i t h  fuel.  removed from the o p e r a t i n g  c i r c u i t  and ( 6 )  re- 

moval of a p o r t i o n  of  t h e  i n s o l u b l e  nob le  and seminoble  f i s s i o n  products .  

Each oE t h e s e  i s  d i s c u s s e d  b r i e f l y  i n  the fo l lowing  s e c t i o n s .  

For a once- 

Cont inuous removal of f i s s ion -p roduc t  krypton  and xenon. S t r i p p i n g  

of krypton  and xenon makes p o s s i b l e  t h e i r  con t inuous  removal from t h e  re- 

a c t o r  c i r c u i t  by t h e  p u r e l y  p h y s i c a l  means o f  s t r i p p i n g  with helium. For  

t h e  re ference-des ign  W S H K , *  lieliiun f lowing a t  0.005 m 3 / s  (10 cfm) was t o  

be i n j e c t e d  con t inuous ly  i n t o  and withdrawn from f u e l - s a l t  s ide streams 

c a r r y i n g  a t o t a l  of 0.35 m 3 / s  o r  about  10% of the t o t a l  f u e l  f low rate. 

Some g e n e r a l l y  s imi l a r  operation should prove op t ima l  f o r  t h e  I'MMSR. Such 

a s t r ipp i .ng  c i r c u i t  would remove an  a p p r e c i a b l e  ( b u t  no t  a ma jo r )  f r a c t i o n  

of  t h e  tritium and a s m a l l  ( pe rhaps  v e r y  s m a l l )  f r a c t i o n  of t h e  nob le  and 

seminoble f i s s i o n  p roduc t s  as  gas-borne p a r t i c u l a t e s ,  In a d d i t i o n ,  t h e  

s t r i p p e r  would remove BF3 i f  l e a k s  of  secondary  c o o l a n t  i n t o  the f u e l  

were t o  occur.  None o f  t h e s e  removals  ( excep t  p o s s i b l y  t h e  l a s t )  appre-  

c i a b l y  a f f e c t  t h e  chemical  behav io r  o f  t h e  f u e l  system. 

Add i t ion  of f i s s i o n a b l e  and f e r t i l e  uranium. Adding -4,470 kg of 

2 3 5 U  and -18,400 kg of 2 3 8 U  d u r i n g  t h e  l i f e t i t i l e  o f  t h e  once-through DMSR 

Fuel  f o r  the MSRE was prepared i n  r e l a t i v e l y  s m a l l  b a t e l ~ e s . ~ ~ ~ ' ~  
If DMSRs w e r e  t o  be  of commercial  consequence con t inuous  p u r i f i c a t i o n  
s y s t e m s  would c e r t a i n l y  b e  d e v i s e d  f o r  i n i t i a l  f u e l  p r e p a r a t i o n ,  

* 
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w i l l  a p p a r e n t l y  b e  n e c e s s a r y  ( s e e  Table 1 7 )  assinming the F w 1  v e ~ l m i c  

changes from t h e s e  a d d i t i o n s  o r  o t h e r  cduses do not. require r a ~ w i - ~ ~  of 

any f u e l  t o  s t o r a g e .  Sutrh a c % d i t j o m  whicli a r e  made  C N C ~ B '  t-lie 3P-*ve<3c 

l i f e t i m e ,  would comprise  some 30,190 kg ( 9 6 , 3 3 2  mules) of TJFb added +t  

an  average  of 1,040 kg (3,320 inoles ) /year ,  

During o p e r a t i o n , 2 2  many on-stream additiens of f r ~  sr;-i~?n.a~le ~arg-r t31 
as mol ten  ~ L ~ ~ u F ~  were made t o  t~ ie  MSKE, 2nd ttirs method ot a d d i t i o n  can 

o b v i o u s l y  b e  used as a c l e a n ,  convenient  w a y  t o  add  the arranim 8 $ a  . r ~  !j 

Using t h i s  method of  a d d i t i o n  would r e q u i r e  use of 2.89 x l o5  m l e ~  (7514  

kg)  of 7LiF c o n t a i n i n g  2013 kg of I L i .  This r e p r e s e n t s  about  6.82 of the 

]ti i n  t h e  o r i g i n a l  f u e l  i n v e n t o r y  and would reslilt i n  a p p r e c i n h l e  v o l m c  

i n c r e a s e  ( e s p e c i a l l y  i f  BeF2 were added p r o p o r l i o n a l l y )  i n  the f u e l , ?  

During t h e  c o u r s e  of r e a c t o r  o p e r a t i o n ,  removing some fuel  t o  srlnrage 

w i t h i n  t h e  r e a c t o r  complex would probably b e  n e c e s s a r y  i f  t h i s  a d d i t i o n  

procedure were used. 

Developing and demonst ra t ing  methods o f  ad(1 i t io ra  of s o l i d  1JE4 ( O F  

p roper  m i x t u r e s  o f  ITF4 p l u s  W3) should  be p o s s i b l e .  Triesr wiY-i h e  i r s -  

h e r e n t l y  more complex (and r a d i o a c t i v e l y  d i r t y )  and stating w h i c h  o f  t11t.a 

o p t i o n s  would be p r e f e r r e d  i s  not  p r e s e n t l y  p o s s i b I  e .  

Mainta in ing  t h e  d e s i r e d  UF3/UF4 r a t i o .  Operat-ion of t h e  M S K E L C d r 2 2  

demonstrated t h a t  i n  s i  t u  p r o d u c t i o n  r3f W 3  could  be accomplished r e a d i l y  

and c o n v e n i e n t l y  by p e r m i t t i n g  t h e  c i r c u l a t i n g  f u e l  t o  react i n  &he permp 

bowl w i t h  a rod of met-all ic beryll ieon suspended i n  a cage of H a s t e l l n y - N ,  

This t e c h n i q u e  could  be  adapted f o r  use i n  a IMSR; heryl . l i rm redractich~i 

would be  d e s i r a b l e  i f  t h e  f i s s i o n a b l e  and f e r t i l e  uranium addi ta"ons ~ E G  

t o  be made as /Li31JF7, + 

* 
A d d i t i o n s  would be made as d e p l e t e d  m a t e r i a l  or as m a t e r i a l  coiutaIn-, 

ing not more t h a n  20% of ' 35-0  i n  23%; tbe materials would tw added as 
mixed f l u o r i d e s  o r  p o s s i b l y  as W4 p l u s  uF3. 

' Developing and demonst r a t ing  a method of a d d i t i o n  of a h i . g b  wail um-. 
c o n t e n t  l i q u i d  w i t h  c o n s i d e r a b l y  less 1,i.P than  Li3tJ-IF7 are  almost c e r k a i d y  
p o s s i b l e .  

'In that:  e v e n t ,  adding  BeF2 w i l l  be  aeccsszr ry  t o  p r e s e r v ~  the Ydh"/ 
BeF2 r a t i o  i n  t h e  fuel at approximate ly  i t s  i n i t i a l  va lue ,  
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The o r i g i n a l  charge  o f  f u e l  c o n t a i n s  some 7 - 3 5  x l o 4  moles o f  ura-. 

nium. I f  a l l  t h i s  were s u p p l i e d  as UF4, about  1840 moles (15.54 kg) of 

B e 0  w0ul.d b e  r e q u i r e d  t o  reduce 5 %  of i t  t o  W3.* 

p r e p a r a t i o n  procedure could be modif ied so t h a t  some of t h e  UF3 would b e  

p r e s e n t  a s  t h e  f u e l  was d e l i v e r e d ,  i n  s i t u  product ion  l i k e l y  would b e  

more convc:nient. The d e l i v e r e d  f u e l  could be made s l i g h t l y  d e f i c i e n t  i n  

ReF2 t o  accommodate t h a t  g e n e r a t e d  by UF product ion .  

TJhile t h e  i n i t i a l  

As i n d i c a t e d  p r e v i o u s l y ,  t h e  f i s s i o n  process  Q c c u r r i n g  with UF,+ i s  

s i g n i f i c a n t l y  o x i d i z i n g .  During t h e  30-year r e a c t o r  l i f e t i m e  (22.5 f u l l -  

power y e a r s  assumed) w i t h  90% of t h e  f i s s i o n s  o c c u r r i n g  i n  uranium i s o -  

t o p e s ,  n e a r l y  5.12 x l o4  moles of  uranium w i l l  have been f i s s i o n e d .  If 

t he  f i s s i o n i n g  uranium i s  95% UF,, as much as 5.8 x IO4 moles of 1JF3 might 

b e  o x i d i z e d  [ a t  a g e n e r a l l y  uniform rate of 7 moles (-2.1 kg) p e r  f u l l -  

power day] dur ing  t h e  r e a c t o r  l i f e t i m e .  Its r e d u c t i o n  would r e q u i r e  some 

2 ,9  x l o 4  moles ( 2 6 1  kg)  of m e t a l l i c  bery l l ium.  

manner r e p r e s e n t s  about  3.0% of t h a t  p r e s e n t  i n  t h e  o r i g i n a l  f u e l  charge.  

The BeF2 produced i n  t h a t  

Some a d d i t i o n a l  r e d u c t i o n  of UF,+ t o  UF3 w i l l  b e  r e q u i r e d  i f  the 

f u e l  must be t r e a t e d  t o  remove oxide  ihn. 

Accomplishing the r e d u c t i o n  o f  1IF4 t o  UT3 i n  s i t u  would c e r t a i n l y  

seem f e a s i b l e  by u s i n g  metall ic urani im i n  p l a c e  of bery l l ium.  Should 

t h e  d e c i s i o n  b e  made t o  add t h e  f i s s i o n a b l e  and f e r t i l e  uranium as UF4$ 

r e d u c t i o n  performance by u s e  of  uranium would have t h e  advantage  of n o t  

a p p r e c i a b l y  d i l u t i n g  t h e  f u e l .  

Removal of i n a d v e r t e n t  ox ide  contaminat ion.  Treatment of  complex 

mol ten  f l u o r i d e s  w i t h  anhydrous HF-112 m i x t u r e s  h a s  been used commonly t o  

reduce t h e  o x i d e  c o n c e n t r a t i o n  t o  comple te ly  innocuous l e v e l s ,  84, 8 5  

real  doubt  exis ts  t h a t  such t r e a t m e n t  could  be used i f  r e q u i r e d  f o r  pur i -  

f i c a t i o n  of DMSR f u e l  mixtures .  However, t h e r e  i s  l i t t l e  b a s i s  t u  assess 

t h e  n e c e s s i t y  o f  such  p u r i f i c a t i o n .  Opera t ion  of t h e  MSRE d u r i n g  a fou r - -  

year  p e r i o d  w i t h  many shutdowns and s e v e r a l  minor r e p a i r  o p e r a t i o n s  showed 

110 evidence  of o x i d e  contaminat ion ,  In e a r l y  v e r s i o n s  eq i ipment  should 

be inc luded  i n  which HF-H2 m i x t u r e s  and t h e n  112 could  be used t o  remove 

No 

An a d d i t i o n a l  9 . 6 3  x lo4  moles of  uranium t e t r a f l u o r i d e  w i l l  be * 
added dur ing  t h e  r e a c t o r  l i f e t i m e .  Reduct ion of 5% of t h i s  w i l l  r e q u i r e  
a n  a d d i t i o n a l  2 - 4 1  x l o 3  moles ( 2 1 . 7  kg)  of bery l l ium.  
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such  contaminat ion .  For a demons t r a t ion  r e a c t o r s  t h i s  r e l a C i v e l y  s lmple  

equipment p robab ly  should  be  s i z e d  t o  p e n n i t  t r e a t m e n t  of t h e  fue l  on a 

300-d c y c l e ;  i f  i t  were p e s s i m i s t i c a l l y  assumed t h a t  3.3 d would be  re- 
q u i r e d  t o  p r o c e s s  a b a t c h ,  t h e  equipment should  be s i z e d  t o  accommodate 

1% of t h e  f u e l  cha rge  (-1 m'). 

Some f i s s i o n  p r o d u c t s  would be a f f e c t e d  by t h i s  t r e a t m e n t ;  i o d i n e ,  

i n  p a r t i c u l a r ,  would be  evolved  and would have t o  b e  managed i n  t h e  o f f -  

gas .  

mo l t en  f u e l )  might a l s o  evolve .  

avoided  by i n c l u s i o n  of  a few p e r c e n t  of H2 w i t h  t h e  HF. 

Selenium and t e l l u r i u m  ( i f  t h e y  a r e  s o l u b l e  as Se2- and Te2- i n  t h e  

Ox ida t ion  of Pa4+ t o  Pa5* could  be 

However, o x i d a t i o n  of a l a r g e  f r a c t i o n  of t h e  UF3 t o  UFL, would re- 

s u l t  u n l e s s  t h e  HF'-H2 mix tu re  con ta ined  so l a r g e  a f r a c t i o n  of 8 2  t h a t  i t  

would be  r e l a t i v e l y  i n e f f i c i e n t  a t  o x i d e  removal. Accord ingly ,  t o  a l l o w  

f o r  a d d i t i o n a l  ( b e r y l l i u m  o r  uranium) r e d u c t i o n  of t h i s  UF4 would be nec- 

e s s a r y  t o  m a i n t a i n  t h e  d e s i r e d  UF3/UF4 r a t i o .  

For example, i n  t h e  u n l i k e l y  even t  t h a t  t h e  f u e l  must be t r e a t e d  

f o r  ox ide  removal each  1000 fu l l -power  d a y s ,  t h e  i n v e n t o r y  would r e q u i r e  

t r e a t m e n t  8.2 t i m e s  d u r i n g  t h e  r e a c t o r  l i f e t i m e .  The i n v e n t o r y  of ura-  

nium I s o t o p e s  (see Table  9 )  i n c r e a s e s  r e g u l a r l y  d u r i n g  t h e  r e a c t o r  l i f e -  

t i m e  and may a v e r a g e  1.07 x lo5 moles d u r i n g  t h e  30 yea r s .  

n o t  t r u e )  a l l  t h e  U F 3  were o x i d i z e d  each  time and i f  5% of t h e  uranium 

i n v e n t o r y  were t o  be  reduced ,  some 2.2 x lo4  moles of Be0 would be re- 

q u i r e d  d u r i n g  t h e  r e a c t o r  l i f e t i m e .  T h i s ,  when added t o  t h e  2.9 x BO4 

moles of b e r y l l i u m  e s t i m a t e d  p r e v i o u l s y  t o  be r e q u i r e d  ta overcome t h e  

o x i d a t i v e  e f f e c t  of uranium f i s s i o n ,  would t o t a l  some 5.1 x lo4 moles of 

BeF2 gene ra t ed  o r  n e a r  5.4% of t h e  ReF2 i n  t h e  o r i g i n a l  feed .  

BeF2, though added a t  a s lowly  i n c r e a s i n g  rate dur ing  r e a c t o r  l i f e ,  i s  a 

good match f o r  t h e  6.8% of 7LiF needed t o  add t h e  uranium as Li3UF7. 

p e r f e c t  match of L iF  and BeF2 a d d i t i o n s  i s  c e r t a i n l y  n o t  r e q u i r e d ;  t h e  

maintenance p r o c e s s e s  b r i e f l y  i n d i c a t e d  above might  p rov ide  a s u f f i c i e n t l y  

good a d d i t i o n  ra te  f o r  L i F  and ReF2. 

I f  ( a s  i s  

Th i s  added 

A 

P o s s i b l e  a d d i t i o n  of thorium. I f  making a few a d d i t i o n s  of thorium 

t o  t h e  r e a c t o r  f u e l  d u r i n g  i t s  L i fe t ime  i s  necessa ry ,  t hen  adding  i t :  as 

a l i q u i d  c o n t a i n i n g  '7LiF and ThF4 shou ld  be p o s s i b l e .  

b e  a m e l t  c o n t a i n i n g  abou t  70 mole % L i F  and 30 mole % ThF, m e l t i n g  n e a r  

A p o s s i b i l i t y  would 
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600°C (see Fig.  11). 

veloped f o r  a d d i t i o n  of s o l i d  ThF,+. 

A l t e r n a t i v e l y ,  a procedure presumably could  be de- 

P a r t i a l  removal of noble  and seniinoble meta1.s. The behavior  of t h e s e  .__- 
i n s o l u b l e  f i s s i o n - p r o d u c t  s p e c i e s  , as i n d i c a t e d  p r e v i o u s l y ,  i s  not  under- 

s t o o d  i n  d e t a i l .  If t h e y  p r e c i p i t a t e  as adherent  d e p o s i t s  on t h e  DMSR 

h e a t  exc.hanger, t h e y  would c a u s e  no p a r t i c u l a r l y  d i E f i c u l t  problems, Wow- 

ever, should t h e y  form only  l o o s e l y  a d h e r e n t  d e p o s i t s  t h a t  b reak  away and 

c i r c u l a t e  w i t h  t h e  f u e l ,  t h e y  would be r e s p o n s i b l e  f o r  a p p r e c i a b l e  para- 

s i t i c  n e u t r o n  c a p t u r e s .  If these s p e c i e s  were t o  d e p o s i t  on t h e  moderator  

g r a p h i t e ,  t h e y  would c o n s t i t u t e  an even worse n e u t r o n i c  s i t u a t i o n .  

To t h e  e x t e n t  t h a t  t h e y  c i r c u l a t e  as p a r t i c u l a t e  material  i n  t h e  

f u e l ,  i n s o l u b l e  f i s s i o n - p r o d u c t  spec-ies cou1.d probably  be u s e f u l l y  re- 

R O V ~  by a small bypass f l o w  through a r e l a t i v e l y  s imple  Hastelloy-wool 

f i l t e r  system. Presumably, such  a system would need t o  have a r e a s o n a b l y  

l o w  pressure d r o p  and probably would need t o  c o n s i s t  of s e c t i o n s  i n  p a r a l -  

l e l  so that  u n i t s  whose c a p a c i t y  was exhausted could be r e a s o n a b l y  re- 

placed.  

3 . 3 . 3 . 4  Summary, c o n s t r a i n t s ,  and u n c e r t a i n t i e s  

Very l i k e l y ,  a number of  opt i .ons  for f u e l  maintenance are a v a i l a b l e .  

Some of t h e s e  have been demonstrated and o t h e r s  cou1.d be made a v a i l a b l e  i.f 

t h e r e  were good reasons  why t h e y  were needed. 

S e v e r a l  u n c e r t a i n t i e s  a l s o  e x i s t .  P r e s e n t l y ,  we do n o t  know whether  

(1)  t rea tment  t o  remove i n a d v e r t e n t  contaminat ion  by oxide  w i l l  be  ncces- 

s a r y ,  ( 2 )  a d d i t i o n  of uranium t o  t h e  DMSR f u e l  w i l l .  be  done by u s e  of 

' L i 3 u E ' ~ ~ ,  ( 3 )  t h e  o x i d a t i v e  e f f e c t  o f  f i s s i o n  i s  n e a r  1 o x i d a t i v e  equiva- 

l e n t  per  mole o f  uranium f i s s i o n e d ,  o r  ( 4 )  t h e  removal of n o b l e  and s e m i . -  

noble  metals from t h e  DMSR f u e l  i s  n e c e s s a r y  o r  d e s i r a b l e .  

Should t h e y  prove d e s i r a b l e ,  a r e l a t i v e l y  l a r g e  number of o p t i o n s  

could be made a v a i l a b l e .  A g r e a t  amount of f u r t h e r  o p t i m i z a t i o n  of t h e  

f u e l  c y c l e  f o r  DMSR w i l l .  be  r e q u i r e d  b e f o r e  we know which,  i f  any ,  of  

t h e s e  o p t i o n s  are n e c e s s a r y  o r  d e s i r a b l e .  
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3 . 4  Reac to r  Materials 

Although s p e c i a l ,  h i g h - q u a l i t y  materials probably  would be used 

throughout  i n  t h e  c o n s t r u c t i o n  of a DMSR, most of them could  be ob ta ined  

from commerical s o u r c e s  t h a t  r o u t i n e l y  supp ly  such  materials u s i n g  cur -  

r e n t l y  a v a i l a b l e  technology.  Two n o t a b l e  e x c e p t i o n s  t o  t h i s  g e n e r a l i z a -  

t i o n  are t h e  s t r u c t u r a l  a l l o y  t h a t  would have t o  be used f o r  components 

normal ly  exposed t o  mol ten  s a l t  and t h e  g r a p h i t e  f o r  t h e  r e a c t o r  c o r e  

moderator  and r e f l e c t o r .  Both of t h e s e  materials would r e q u i r e  s p e c i f i -  

c a t i o n s  p e c u l i a r  t o  t h e  MSR sys t em.  

3.4.1 S t r u c t u r a l  a l l o y  

3.4.1.1 Requirements  

The metal l ic  s t r u c t u r a l  material used i n  c o n s t r u c t i n g  t h e  pr imary 

c i r c u i t  of a m o l t e n - s a l t  r e a c t o r  w i l l  o p e r a t e  a t  t e m p e r a t u r e s  up t o  about  

7OO0C. The i n s i d e  of t h e  c i r c u i t  w i l l  be exposed t o  salt  t h a t  c o n t a i n s  

f i s s i o n  p roduc t s  and w i l l  r e c e i v e  a maximum thermal  f l u e n c e  o f  about  1 X 

lo2’ neutrons/m2 over  t h e  o p e r a t i n g  l i f e t i m e  o f  about  30 y e a r s .  

f l u e n c e  w i l l  c ause  some embr i t t l emen t  because of hel ium formed by t r a n s -  

muta t ion  bu t  w i l l  no t  cause  s w e l l i n g  such  as i s  noted  a t  h i g h e r  f a s t  f l u -  

ences .  The o u t s i d e  of t h e  p r i m a r y  c i r c u i t  w i l l  be exposed t o  n i t r o g e n  

t h a t  c o n t a i n s  s u f f i c i e n t  a i r  from i n l e a k a g e  t o  make i t  o x i d i z i n g  t o  t h e  

metal. Thus, the m e t a l  must (1) have moderate  o x i d a t i o n  resistance, ( 2 )  

resist c o r r o s i o n  by t h e  s a l t ,  and ( 3 )  resist s e v e r e  embr i t t l emen t  by 

thermal neu t rons .  

This 

I n  t h e  secondary  c i r c u i t ,  t h e  metal w i l l  be exposed t o  t h e  c o o l a n t  

s a l t  under  much t h e  same c o n d i t i o n s  d e s c r i b e d  f o r  t h e  pr imary  c i r c u i t .  

The main d i f f e r e n c e s  w i l l  be t h e  l a c k  of f i s s i o n  p roduc t s  and uranium i n  

t h e  c o o l a n t  sa l t  and much lower n e u t r o n  f l u e n c e s .  Th i s  material m u s t  have 

moderate  o x i d a t i o n  r e s i s t a n c e  and must resist c o r r o s i o n  by a s a l t  no t  con- 

t a i n i n g  f i s s i o n  p roduc t s  o r  uranium. 

The primary and secondary  c i r c u i t s  i nvo lve  numerous s t r u c t u r a l  shapes  

ranging  from s e v e r a l  c e n t i m e t e r s  t h i c k  t o  t u b i n g  having w a l l  t h i c k n e s s e s  

of o n l y  a m i l l l m e t e r  o r  so. These shapes  must be  f a b r i c a t e d  and jo ined  
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( p r i m a r i l y  by welding)  i n t o  a n  i n t e g r a l  e n g i n e e r i n g  s t r u c t u r e .  The s t r u c -  

t u r e  m u s t  b e  designed and b u i l t  by t e c h n i q u e s  approved by t h e  American 

S o c i e t y  of Mechanical Engineers  (ASME) B o i l e r  and P r e s s u r e  Vessel Code. 

3,4.1.2 S t a t u s  OP development 

E a r l y  materials s t u d i e s  l e d  t o  t h e  development of a n icke l -base  al- 

l o y ,  Hastelloy-N, f o r  use wi th  f l u o r i d e  sal ts .  As shown i n  Table  2 8 ,  the 

a l l o y  conta ined  16% molybdentm f o r  s t r e n g t h m i n g  and chromium s u f f i c i e n t  

t o  impart moderate o x i d a t i o n  r e s i s t a n c e  i n  a i r  but  n o t  enough t o  l e a d  t o  

h i g h  c o r r o s i o n  ra tes  i n  s a l t .  This  a l l o y  was tho s o l e  s t r u c t u r a l  material 

'l'able 28. (hemical composi ti-on 
of Hastelloy-N 

Content of a l l o y  
(Wt %In E l  emen t 

Standard Modified 
_..._._..--I ___I 

Nickel  Base Base 
Molybdenum 15-1 8 1 1-1 3 

6--8b 
Chromium 6-43 
I r o n  5 0.1 
Manganese 1 0.16-0.25 
S i l i c o n  1 0.1 
Phosphorus 0.015 0.01 
S u l f u r  0.020 0.01 
Boron 0.01, 0. O O i  
Ti tanium 
Niobium l..? 

b 

a S i n g l e  v a l u e s  are maximum 
amounts allowed. The a c t u a l  con- 
c e n t r a t i o n s  of t h e s e  elements i n  
a n  a l l o y  can  be much lower.  

b ~ e s e  el.ements are no t  f e l t  
t o  be v e r y  important .  Al loys  a r e  
now being purchased with t h e  small 
c o n c e n t r a t i o n s  s p e c i f i e d ,  b u t  t h e  
s p e c i f i c a t i o n  may be changed i n  
t h e  f u t u r e  t o  a l l o w  a h i g h e r  con- 
c e n t r a t  ion .  
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used i n  t h e  MSRE and c o n t r i b u t e d  s i g n i f i c a n t l y  t o  t h e  success of t h e  ex- 
per iment .  However, two problems were noted  wi th  Hastelloy-N which needed 

f u r t h e r  a t t e n t i o n  b e f o r e  more advanced r e a c t o r s  could  be b u i l t .  F i r s t ,  

Hastelloy-N w a s  found t o  b e  e m b r i t t l e d  by helium produced d i r e c t l y  from 

t r a c e s  o f  ’OB and i n d i r e c t l y  from n i c k e l  by a two-step r e a c t i o n .  

t y p e  of r a d i a t i o n  e m b r i t t l e m e n t  i s  common t o  most i ron -  and n icke l -base  

a l l o y s .  The second problem a r o s e  from t h e  f i s s i o n - p r o d u c t  t e l l u r i u m  d i f -  

f u s i n g  a s h o r t  d i s t a n c e  i n t o  t h e  metal a long  t h e  g r a i n  boundar i e s  and em- 

b r i t t 1 i ng t h e  bound ar  ie s. 

This  

Cons ide rab le  s u c c e s s  w a s  encountered  i n  modifying t h e  composi t ion  of 

Hastelloy-N t o  o b t a i n  b e t t e r  r e s i s t a n c e  t o  embr i t t l emen t  by i r r a d i a t i o n .  

The key f a c t o r  w a s  t o  modify t h e  c a r b i d e  p r e c i p i t a t e  from t h e  c o a r s e  type  

found i n  s t a n d a r d  Hastel loy-N t o  a v e r y  f i n e  type .  The presence  of 16% 

molybdenum and 0.5% s i l i c o n  l e d  t o  t h e  fo rma t ion  of a c o a r s e  c a r b i d e  t h a t  

had l i t t l e  b e n e f i t .  Reduct ion  of t h e  molybdenum c o n c e n t r a t i o n  t o  12% and 

t h e  s i l i c o n  c o n t e n t  t o  0.1% and a d d i t i o n  of a r e a c t i v e  c a r b i d e  former such 

as t i t a n i u m  o r  niobium l e d  t o  t h e  fo rma t ion  o f  a f i n e  c a r b i d e  p r e c i p i t a t e  

and an  a l l o y  w i t h  good r e s i s t a n c e  t o  embr i t t l emen t  by hel ium. Consider- 

a b l e  p rogres s  was made i n  t h e  sca le -up  o f  an  a l l o y  c o n t a i n i n g  2 %  t i t a n i u m ,  

b u t  t h i s  a l l o y  d o e s  not have s u f f i c i e n t  r e s i s t a n c e  t o  i n t e r g r a n u l a r  c r ack -  

ing  by t e l l u r i u m ,  An a l l o y  c o n t a i n i n g  1 t o  2% niobium w a s  no ted  t o  b e  

v e r y  r e s i s t a n t  t o  c r a c k i n g  by t e l l u r i u m  and w a s  produced i n  small commer- 

c i a l  melts. The composi t ion  o f  t h e  niobium-modified a l l o y  i s  shown i n  

Tab le  28. This al loy m a i n t a i n s  good d u c t i l i t y  up t o  t h e  40-ppm maximum 

hel ium c o n t e n t  a n t i c i p a t e d  i n  t h e  w a l l  o f  a mol t en - sa l t  r e a c t o r  v e s s e l .  

I n  s tudy ing  t h e  t e l l u r i u m  embr i t t l emen t  problem, c o n s i d e r a b l e  e f f o r t  

was s p e n t  i n  s e e k i n g  b e t t e r  methods of expos ing  test specimens t o  t e l l u -  

rium, In t h e  MSRE, t h e  f l u x  of t h e  t e l l u r i u m  atoms r each ing  t h e  metal was 
about  1013 atoms m-2 s ” ,  and t h i s  v a l u e  would be  1014 atoms m-2 s-l f o r  a 

high-performance b r e e d e r .  Even t h e  v a l u e  f o r  a high-performance b r e e d e r  

i s  v e r y  s m a l l  from t h e  expe r imen ta l  s t a n d p o i n t .  For example, t h i s  f l u x  

would r e q u i r e  that a t o t a l  of 7 . 6  x g of t e l l u r i u m  be  t r a n s f e r r e d  t o  

a sample having a s u r f a c e  area of 10 em2 i n  1000 h. 

p robes  were immersed d i r e c t l y  i n  sa l t  melts known t o  c o n t a i n  t e l l u r i u m ,  

E lec t rochemica l  
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and t h e r e  was never  any r_ui.d.ence o f  a s o l u b l e  i::c!I.I.ur:ide s p e c i e s .  Nowever, 

c o n s i d e r a b l e  ev idence  e x S s t e d  t h a t  t e l l u r i u m  "moved" through s a l t  from one 

p o i r n ~  t o  a n o t h e r  i n  a salt system. 

a c i u a l l y  ifloV4:r:l as a low-pres su re  pure  riicral vapor and n o t  as a r e a c t e d  

species. %e most r e p r e s e n t a t i v e  experimental .  system developed f o r  ex- 

posing rrrets:. specimens t o  tie1.luri.m involved suspendFng t h e  specimens i n  

a s t i r r e d  v e s s e l  o f  sa1.t w i t h  grarzcnles of C r 3 T e h  atid C r g T e g  l y i n g  a t  the 
botiono of  s a l t .  A v e r y  low p,ax-t ia l  p r e s s u r e  o f  te11urium was in equi-  

1 ib-ciclm 1.~tt -11 t h e  Cr3Teq  and Cr5Te6 :  which rosarl,ted i n  Hastelloy-N s p e c i -  

mcEs ~ i t . h  ci-ack s e v e j - i t i e s  s i m i l a r  Lo t h o s e  noted i n  samples from the 

MSKF ~ Numtr3uc samples  were exposed t o  s a l t  t h a t  conta ined  t e P l u r i i m ,  and 

t h e  iiios'i Porpor~ant  f i n d  itig was t h a t  mod i f i ed  Hastelloy-N c o n t a i n i n g  1 to 

27; niohi-iiiir had good r e s i s t a n c e  t o  cmbrj t t lement  by trlllurium (Fig .  16 ) .  

Tne h y p o t h e s i s  was t h a t  tllte t e l l u r i u m  

One ser ies  of experiments  was run  t o  i n v e s t i g a t e  t h e  e f f e c t s  of t h e  

o x i d a t i o n  s t a t e  of t e l l u r i ~ m - - e o n t a i n i a g  s a l t  on t h e  tendency f o r  cracks 

t o  he f o r i f i d .  Th? siipposi.t.ion be ing  examined was that  the sa3.t might be 

made reducing  eiiough t o  t i e  up t h e  t:ell.imtum i n  some innocuous m e t a l  corn- 

p l c x .  

by adding elernent:al b e r y l l i m .  The experiment hat3 el .ectsochemical  probes 

f o r  d e r e m i n i n g  t h e  r a t i o  of uranium i n  t h e  3-4 s t a t e  (UF4) t o  thal: i n  t h e  

+3 s t a t e  ( U F 3 )  a s  an  i n d i c a t o r  of the o x i d a t i o n  s t a t e  of t h e  sa l t .  

s i l e  specimens of stantlard Haatelloy-N were suspended i n  the sa1.t f o r  

about  1260 h a t  7UO°C. The o x i d a t i o n  s t a t e  of t h e  sn1.t w a s  s t a b i l i z e d ,  and 

i.he specimens  ere inseri:cxl so tha t  each set  of specimens was exposed t o  

one c o n d i t i o n .  After exposure,  t h e  specimens were s t r a i n e d  t o  f a i l u r e  and 

w e r e  exami.ned m e t a l l o g r a p h i c a l l y  t o  de te rmine  t h e  ex ten t  of c r a c k i n g ,  The 

r e s u l t s  of measurements a t  several  o x i d a t i o n  s t a t e s  are  shown i n  Fig.  17. 

A t  U' ' fJU3f  r a t i o s  of 60 o r  l ess ,  v e r y  l i t t l e  c r a c k i n g  o c c u r r e d ,  and a t  

r a t i o s  above 80, t h e  c r a c k i n g  was e x t e n s i v e .  These o b s e r v a t i o n s  o f f e r  

encouragement t h a t  a r tuc to r  cou1.d be opera ted  i n  a chemical  regime where 

t h e  t:el.l.uri.uni would n o t  be e m b r i t t l i n g  even t o  starrtliard Bastelloy-N. A t  

7 e a s t  1.6Z of the  uranium -would need t o  be i n  t h e  +3 oxida t i -on  s t a t e  

( U F 3 ) ,  and  t h i s  c o n d i t i o n  seems q u i t e  reasonable  from chemical and prac- 

t i c a l .  c o n s i d e r a t i o n s .  

The s a l t  was made inure o x i d i z i n g  by adding  NiF2 and m o r e  reducing 

Ten- 
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Fig. 16. V a r i a t i o n s  of s e v e r i t y  of c rack ing  w i t h  Nb c o n t e n t .  Sam- 
p l e s  w e r e  exposed f o r  i n d i c a t e d  t i m e s  t o  sa l t  c o n t a i n i n g  Cr3Teq and 
Cr5T.e~ a t  700°C. 
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F i g .  17 .  Cracking behavior  of Hastelloy-N exposed 260 h a t  700°C 
t o  MSBR fuel s a l t  COntaiRing Crr3Teq and CrgTeg. 

P r e s e n t l y ,  t h e  modif ied a l l o y  c a n p o s i t i o n  shown i n  Tab7.e 28  i s  fa-- 

vored,  Cons iderable  p r o g r e s s  had been made i n  e s t a b l i s h i n g  t es t  methods 

f o r  e v a l u a t i n g  a mater ia l ' s  r e s i s t a n c e  t o  embri t t lernent  h y  t e l l u r i u m .  

Modified HastePloy-N c o n t a i n i n g  from 1 t o  2 %  niobium w a s  found t o  o f f e r  

improved r e s i s t a n c e  t o  e m b r i e t l e i c n t  by t e l l u r i u m ,  but  the t e s t  condi- 

t i ons  w e r e  no t  s u f f i c i e n t l y  long O K  d i v e r s i f i e d  t o  show t h a t  t h e  a l l o y  

t o t a l l y  r e s i s t e d  embr i t t lmen t .  One i r r a d i a t i o n  experiment  showed t h a t  

t h e  niobium-modif i e d  a l l o y  o f f e r e d  adequate  r e s i s t a n c e  t o  i r r a d i a t i o n  

einbrittlement, b u t  more d e t a i l e d  tests a re  needed. Severa l  suial1 m e l t s  

c o n t a i n i n g  up t o  4.4% niobium were found t o  f a b r i c a t e  and weld well, so 

p r o d u c t s  c o n t a i n i n g  1 t o  2 %  niobium l i k e l y  can be produced w i t h  a minimum 

of scale-up d i f f i c u l t i e s .  

3.4.1.3 U n c e r t a i n t i e s  .---____ 

Although no basi.c scale-up problems are a n t i c i p a t e d  w:i.th t h e  n i s h i m -  

modified a l l o y ,  s e v e r a l  large heats must be melted and processed i n t o  

s t r u c t u r n l  shapes t o  show that t h e  a l l o y  cat1 be produced commercially.  

A f u r t h e r  need exists  f o r  l o n g e r  exposure of t h i s  a l l o y  to i r r a d i a t i o n  
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and t o  s a l t  c o n t a i n i n g  t e l l u r i u m  t o  show t h a t  i t  will resist e m b r i t t l e -  

ment by t h e s e  two p rocesses  over  long p e r i o d s  of t i m e .  

ical  p r o p e r t y  tests must be  r u n  on t h e  new a l l o y  t o  deve lop  t h e  d a t a  

needed f o r  ASME B o i l e r  and P r e s s u r e  Vessel Code approval  of t h e  a l l o y  

and t o  e s t a b l i s h  adequate  d e s i g n  methods. 

Numerous mechan- 

3.4.2 Moderator 

3.4.2.1 Requirements 

The g r a p h i t e  i n  a s i n g l e - f l u i d  mol ten-sa l t  r e a c t o r  s e r v e s  no s t r u c -  

t u r a l  purpose o t h e r  t h a n  t o  d e f i n e  t h e  f low p a t t e r n s  of t h e  s a l t  and,  of 

c o u r s e ,  t o  suppor t  i t s  own weight .  The requi rements  on t h e  material are 

d i c t a t e d  most s t r o n g l y  by n u c l e a r  c o n s i d e r a t i o n s ,  t h a t  i s ,  s t a b i l i t y  of 

t h e  material a g a i n s t  r a d i a t i o n -  induced d i s t o r t  i o n  and nonpene t r a b i l  i t y by 

t h e  fue l -bea r ing  mol ten  sa l t ,  Pract ical  l i m i t a t i o n s  of meeting t h e s e  re- 

qui rements  impose c o n d i t i o n s  on t h e  c o r e  d e s i g n  - s p e c i f i c a l l y  t h e  neces- 

s i t y  t o  l i m i t  t h e  c r o s s - s e c t i o n a l  area of t h e  g r a p h i t e  prisms. 

qu i rements  of p u r i t y  and impermeabi l i ty  t o  salt  are e a s i l y  m e t  by severa l .  

h igh -qua l i ty  f ine-gra ined  g r a p h i t e s ,  and t h e  main problems arise from the  

requirement  of s t a b i l i t y  a g a i n s t  r ad ia t ion - induced  d i s t o r t i o n .  

The re- 

3 . 4 . 2 . 2  S t a t u s  of development 

The d imens iona l  changes of g r a p h i t e  du r ing  i r r a d i a t i o n  have been 

s t u d i e d  f o r  a number of years .  

on t h e  deg ree  of c r y s t a l l i n e  i s o t r o p y ,  bu t  t h e  volume changes f a l l  i n t o  

a r a t h e r  c o n s i s t e n t  p a t t e r n .  As shown i n  Fig.  18, a pe r iod  of d e n s i f i c a -  

t i o n  occur s  f i rs t  du r ing  which t h e  volume d e c r e a s e s ,  and a pe r iod  of s w e l l -  

ing  t h e n  occur s  i n  which t h e  volume i n c r e a s e s .  

concern  on ly  because of t h e  d imens iona l  changes t h a t  t ake  p l a c e ,  and t h e  

second pe r iod  i s  of concern  because of t h e  d imens iona l  change and t h e  

format ion  of c racks ,  The fo rma t ion  of c r a c k s  would e v e n t u a l l y  a l low s a l t  

t o  p e n e t r a t e  t h e  g r a p h i t e .  

damage ra te  i n c r e a s e s  w i t h  i n c r e a s i n g  temperature .  Thus, t h e  g r a p h i t e  

s e c t i o n  s i z e  should be kep t  small enough t o  prevent  t empera tu res  i n  the  

g r a p h i t e  from g r e a t l y  exceeding t h o s e  i n  t h e  s a l t .  

The d imens iona l  changes l a r g e l y  depend 

The f i r s t  pe r iod  i s  of 

Data shown i n  F ig .  18 are f o r  715'C, and t h e  
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715OC. 
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With t h e  d i  E fe ren t  o b j e c t i v e s  of n o n p r o l i f e r a t i n g  MSRs, t h e  requi re -  

ments f o r  t h e  g r a p h i t e  have d iminished  from t h o s e  of t h e  high-performance 

breeder .  F i r s t ,  t h e  peak n e u t r o n  f l u x  i n  t h e  c o r e  can  be reduced t o  

l e v e l s  such  t h a t  t h e  g r a p h i t e  w i l l  las t  f o r  t h e  l i fe t ime of t he  r e a c t o r  

p l a n t .  Second, bo th  t h e  low power d e n s i t y  and t h e  low r a t e  of xenon mass 

t r a n s f e r  t o  t h e  g r a p h i t e  tend t o  l i m i t  t h e  xenon poisoning  e f f e c t  i n  t h i s  

r e a c t o r  so t h a t  s e a l i n g  t h e  g r a p h i t e  may n o t  be necessa ry .  The l e s sened  

gas  p e r m e a b i l i t y  r equ i r emen t s  a l s o  mean t h a t  t h e  g r a p h i t e  can  be  i r r a d i -  

a t e d  t o  h i g h e r  f l u e n c e s  ( F i g s .  18 and 1 9 ) -  

f o r  t h e  b reede r  w a s  a damage f l u e n c e  of about  3 x 

The l i f e t i m e  c r i t e r i o n  adopted 

neutrons/m2,  This 

0 K N L- D W G 7 1 - 6 9 1 5 R  2 

0 10 2 0  3 0  ( X i Q 2 1 )  
FLUENCE [neutrons/crn2 ( E  >50 keV)] 

Fig.  19. Volume changes f o r  m o n o l i t h i c  g r a p h i t e s  i r r a d i a t e d  a t  7 1 5 O C .  
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w a s  e s t i m a t e d  t o  b e  t h e  f l u e n c e  a t  which t h e  g r a p h i t e  s t r u c t u r e  would con- 

t a i n  s u f f i c i e n t  c r a c k s  t o  b e  permeable t o  xenon. Experience has shown 

t h a t ,  even a t  volume changes of about  IO%, t h e  g r a p h i t e  i s  n o t  c racked  

b u t  i s  uniformly d i l a t e d .  For n o n p r o l i f e r a t i n g  d e v i c e s  , xenon penne- 

a b i l i t y  w i l l  n o t  be of as m t i c h  concern ,  and t h e  l i m i t  p robably  w i l l  be 

e s t a b l i s h e d  hy t h e  format ion  of c r a c k s  s u f f i c i e n t l y  l a r g e  f o r  s a l t  in- 

t r u s i o n .  

neutrons/m2,  and improved g r a p h i t e s  w i t h  a l i m i t  of 4 x l oz6  neutrona/m 

could be developed 

The GLCC" W-364 g r a p h i t e  l i k e l y  could be used t o  3 X loz6  
2 

The s p e c i f i c  p e r f o m a n c e  requi rements  f o r  g r a p h i t e  s u i t a b l e  f o r  t h e  

r e a c t o r  d e s i g n  presented  i n  t h i s  r e p o r t  are  a l i f e t i m e  f l u e n c e  c a p a b i l i t y  

of 2,7  x 1026 n e u t r o n s / d  (E: > 50 keV) a t  a peak tempera ture  of 750°C. 

Most probably,  e x i s t i n g  commercial g r a p h i t e s  w i l l  sa t - i lsfy t h i s  need. 

3.4.2,3 U n c e r t a i n t i e s  

Although e x i s t i n g  commercial g r a p h i t e s  l i k e l y  w i l l  m e e t  t h e  needs 

o f  t h e  p r e s e n t  d e s i g n ,  g r a p h i t e  samples having t h e  same c c o s s  s e c t i o n  as 

t h e  re ference-des ign  moderator  e lements  need t o  be i r r a d i a t e d .  These 

tests need t o  be r u n  t o  t h e  d e s t r u c t i o n  of t h e  g r a p h i t e  t o  de te rmine  t h e  

p o i n t  a t  which t h e  g r a p h i t e  a c t u a l l y  h e a l s .  This w i l l  d e f i n e  f a i l u r e  i n  

t h e  p r e s e n t  concept .  P h y s i c a l  p r o p e r l i e s ,  p a r t i c u l a r l y  thermal condue- 

t i v i t y ,  need t o  b e  measured as a f u n c t i o n  of f luence .  

A longer-range e f f o r t  to develop improved g r a p h i t e  f o r  f u t u r e  re- 
a c t o r s  should  be i n i t i a t e d .  E a r l y  e f f o r t s  show promise t h a t  graphites 

w i t h  improved dimensional  s t a b i l i t y  can  he developed.  

3.5 S a f e t y  C o n s i d e r a t i o n s  -. ..__ 

The mai.11 f e a t u r e  of t h e  DMSR which s e t s  lit a p a r t  from s o l i d - f u e l  re- 

a c t o r  t y p e s  i s  t h a t  t h e  nuclear  f u e l  i s  i n  f l u i d  form (nmlten f l u o r i d e  

s a l t )  and i s  c t r c u l a t e d  throughout  the primary c o o l a n t  system, becoming 

c r i t i c a l  o n l y  i n  t h e  graphi te-moderated core .  P o s s i b l e  problems and en- 

g i n e e r e d  s a f e t y  f e a t u r e s  a s s o c i a t e d  with t h i s  t y p e  of r e a c t o r  w i l l  be 

7t Great Lakes Carbon Company. 
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q u i t e  d i f f e r e n t  from t h o s e  of t h e  p r e s e n t  LWR and l i qu id -me ta l  f a s t  

b r e e d e r  r e a c t o r  (LMFBR) des igns .  A d e t a i l e d  s a f e t y  a n a l y s i s  of t h e  DMSR 

must a w a i t  t h e  r e s u l t s  o f  a r e s e a r c h  and development (R&D) program; how- 

e v e r ,  i d e n t i f y i n g  p o s s i b l e  g e n e r i c  problem areas and some of t h e  advan- 

t a g e s  and d i s a d v a n t a g e s  of t h i s  concept  is a l r e a d y  p o s s i b l e .  

In  t h e  DMSR, t h e  pr imary sys tem f l u i d  s e r v e s  t h e  d u a l  r o l e  of be ing  

t h e  medium i n  which h e a t  i s  g e n e r a t e d  w i t h i n  t h e  r e a c t o r  c o r e  and t h e  me-  

dium t h a t  t r a n s f e r s  h e a t  from t h e  c o r e  t o  t h e  pr imary h e a t  exchangers .  

Thus, the e n t i r e  pr imary system w i l l  be s u b j e c t  t o  bo th  h igh  t empera tu res  

(700°C a t  t h e  c o r e  e x i t )  and h i g h  l e v e l s  of r a d i a t i o n  by a f l u i d  con ta in -  

i ng  most of t h e  d a u g h t e r  p roduc t s  of t h e  f i s s i o n  p rocess .  Because of t h e  

low f u e l - s a l t  vapor  p r e s s u r e ,  however, t h e  pr imary s y s t e m  d e s i g n  p r e s s u r e  

w i l l  be low, as  i n  an LPlFBR. In  terms of l e v e l  of conf inement ,  t h e  e n t i r e  

r e a c t o r  pr imary s y s t e m  i s  ana logous  t o  t h e  f u e l  claddi.ng i n  a s o l i d - f u e l  

r e a c t o r .  Although much l a r g e r ,  i t  w i l l  n o t  be s u b j e c t  t o  the r a p i d  the r -  

m a l  t r a n s i e n t s  ( w i t h  m e l t i n g )  a s s o c i a t e d  w i t h  LWR and LMFBR a c c i d e n t  see- 
n a r i o s .  Two a d d i t i o n a l  l e v e l s  of confinement  w i l l  be provided i n  t h e  

DMSR, i n  accord  w i t h  p r e s e n t  p r a c t i c e .  Note t h a t  t h e  once-through DMSK 

concept  h a s  s a f e t y  advan tages  ove r  t h e  break-even DMSR because  a l a r g e  

and complex p a r t  of t h e  pr imary c o n t a i n m e n t -  t h e  chemica l  r e p r o c e s s i n g  

p l a n t -  is  s u b s t a n t i a l l y  reduced and because  less r a d i o a c t i v e  niarerial i s  
r o u t i n e l y  removed from containment .  The problem of deve loping  a r e a c t o r  

pr imary  system t h a t  w i l l  be  r e l i a b l e ,  m a i n t a i n a b l e  (under  remote condi- 

t i o n s ) ,  i n s p e c t a b l e ,  and s t r u c c u r a l l y  sound ove r  t h e  p l a n t ' s  30-year l i f e -  

t i m e  w i l l  p robab ly  be  t h e  key f a c t o r  i n  demons t r a t ing  u l t i m a t e  s a f e t y  and 

l i c e n s a b i l i t y  . 
The b reach  O E  t h e  r e a c t o r  pr imary sys tem boundary, r e s u l t i n g  i n  a 

s p i l l  of h i g h l y  r a d i o a c t i v e  sa l t  i n t o  t h e  pr imary  con ta inmen t ,  will prob- 

a b l y  p rov ide  t h e  des ign -bas i s  a c c i d e n t .  The ana logous  even t  i n  a s o l i d -  

f u e l  r e a c t o r  would be major  c l add ing  f a i l u r e .  P o s s i b l e  i n i t i a t o r s  of t h i s  

a c c i d e n t  i n c l u d e  p i p e  f a i l u r e ,  missiles, and p r e s s u r e  o r  t empera tu re  t r a n -  

s i en t s  i n  t h e  pr imary  sa l t  system. F a i l u r e  of t h e  boundary between t h e  

pr imary  and secondary  s a l t  i n  t h e  pr imary h e a t  exchangers  could  be espe-  

c i a l l y  damaging. In  the e v e n t  of s a l t  s p i l l ,  a p o s s i b l y  redundant  sys- 

t e m  of d r a i n s  would be a c t i v a t e d  t o  channel  the sa l t  t o  t h e  c o n t i n u o u s l y  
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cooled d r a i n  tank. The system primary conta inment ,  which i s  d e f i n e d  as 

t h e  s e t  of h e r m e t i c a l l y  s e a l e d  concre te -sh ie lded  equipment c e l l s ,  w o d d  

probably n o t  be t h r e a t e n e d  by such  a s p i l l ,  b u t  c leanup o p e r a t i o n s  would 

be d i f f i c u l t  e 

A unique s a f e t y  f e a t u r e  of t h e  DMSR i s  that, under  a c c i d e n t  shutdown 

c o n d i t i o n s ,  t h e  fuel material  would be l e d  t o  t h e  emergency c o r e  c o o l i n g  

system (ECCS) ( r e p r e s e n t e d  by d r a i n  t a n k  c o o l i n g )  r a t h e r  t h a n  v i c e  v e r s a .  

The r e a c t o r  and containment  must b e  des igned  so t h a t  t h e  decay-heated f u e l  

s a l t  reaches  t h e  d r a i n  t a n k  under any c r e d i b l e  a c c i d e n t  c o n d i t i o n s .  In  

any case, t h e  decay h e a t  i s  a s s o c i a t e d  w i t h  a v e r y  l a r g e  mass of f u e l  sa l t  

so that melt- through ( o r  "Chi-na Syndrome") i s  a p p a r e n t l y  n o t  a problem. 

The s a f e t y  phi losophy f o r  a c c i d e n t s  involv ing  the  r e a c t o r  c o r e  i s  

v e r y  d i f f e r e n t  f o r  f l u i d - f u e l e d  t h a n  f o r  s o l i d - f u e l e d  r e a c t o r s  because 

t h e  h e a t  s o u r c e  i s  main ly  i n  t h e  l i -qu id- fue l  s a l t  and n o t  i n  a s o l i d ,  

which r e q u i r e s  cont inuous  c o o l i n g  t o  avoid mel t ing .  An LMFBR, f o r  exam- 

p l e ,  h a s  a l a r g e  amount of s t o r e d  energy (which must be removed under: 

any a c c i d e n t  c o n d i t i o n s )  i n  t h e  f u e l  p i n s ,  Dryout,  which means immediate 

mel.tdown i n  an TJMFHR, would n o t  be n e a r l y  as s e v e r e  i n  t h e  DMSR because 

t h e  h e a t  s o u r c e  i s  removed along w i t h  t h e  c o o l i n g  c a p a b i l i t y .  F i r s t - o r d e r  

ana1.ysis h a s  shown t h a t  a f l o w  blockage of a c e n t r a l  c o o l a n t  channel  of 

t h e  r e f e r e n c e  DMSR which reduces  the f low t o  less t h a n  -20% of nominal. 

w i l l  probably r e s u l t  i n  l o c a l  vo id ing  of t h a t  channel .  731s w a s  n o t  true 

o f  t h e  o l d  MSBR des ign8  because t h e  channels  were more s t r o n g l y  t h e r m a l l y  

coupled.  Whether t h e  sa . fe ty  i m p l i e a t i o n s  o f  t h i s  wi1.1. l e a d  t o  modifica- 

t i o n s  of t h e  DMSR r e f e r e n c e  d e s i g n  must be shown by f u t u r e  s a f e t y  ana1.y- 

s i s  s t u d i e s .  Under any off-normal c o n d i t i o n s ,  t h e  f u e l  s a l t  w i l l  be  chan- 

ne led  t u  t h e  d r a i n  tank,  which m u s t  have r e i f a b l e  systems f o r  decay h e a t  

removal.. No c r e d i b l e  means e x i s t s  f o r  achiev ing  r e c r i t i c a l i t y  once t h e  

f u e l  s a l t  h a s  l e f t  t h e  graphite-moderated core. 

3.6 Environmental  C o n s i d e r a t i o n s  _I_.__I. 

There a r e  no s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  environmental  e f f e c t s  of 

r o u t i n e  o p e r a t i o n s  between a n  MSR and r e a c t o r s  p r e s e n t l y  i n  commercial 

o p e r a t i o n .  No gaseous o r  l i q u i d  r a d i o a c t i v e  e f f l u e n t  d i s c h a r g e  o c c u r s  
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dur ing  normal o p e r a t i o n ,  Minor amounts of such e f f l u e n t s  may r e s u l t  from 

maintenance o p e r a t i o n s  i n v o l v i n g  opening the pr imary sys tem.  

The MSK ( a long  w i t h  t h e  HTGK and t h e  LMFBR) i s  i n  t h e  c l a s s  of re- 

a c t o r s  which o p e r a t e s  a t  h i g h  t empera tu res  and h i g h  thermal  e f f i c i e n c i e s  

about  40% compared w i t h  about  32% f o r  LWRs. For  t h e  same electr ical  ca- 

p a c i t y ,  t h e s e  more e f f i c i e n t  r e a c t o r s  r e j e c t  about  40% less h e a t  t o  t h e  

eoviromnent .  Th i s  can  r educe  impacts  such  as consumptive use of water re- 
s o u r c e s ,  a tmosphe r i c  e f f e c t s ,  and e f f e c t s  on a q u a t i c  l i f e .  

I n  t h e  r e f e r e n c e  DMSR concep t ,  n e i t h e r  t h e  n u c l e a r  f u e l  no r  t h e  f i s -  

s i o n  p roduc t s  ( e x c e p t  f o r  t h e  v o l a t i l e s ,  i n c l u d i n g  xenon) are removed from 

t h e  pr imary system dur ing  t h e  r e a c t o r  l i f e t i m e .  Th i s  e l i m i n a t e s  a major  

envi ronmenta l  problem of p r e s e n t  day LWRs: f r e q u e n t  t r a n s p o r t a t i o n  of 

h i g h l y  r a d i o a c t i v e  s p e n t  f u e l  from t h e  r e a c t o r  s i t e  t o  t h e  r e p r o c e s s i n g /  

s t o r a g e  f a c i l i t y .  Most r a d i o a c t i v e  material remains w i t h i n  t h e  DMSR p r i -  

mary conta inment  f o r  t h e  3 0 y e a r  r e a c t o r  l i f e t i m e  but  must be d e a l t  w i t h  

a t  end-o f - l i f e .  Uranium, l i t h i u m ,  and p o s s i b l y  o t h e r  v a l u a b l e  e l emen t s  

w i l l  p robab ly  b e  recovered  f o r  r e u s e ,  b u t  t h e  remainder ,  which c o n t a i n s  

t h e  a c t i n i d e s  americium and curium ( n o t  found i n  s i g n i f i c a n t  amounts i n  

s p e n t  LWR f u e l ) ,  w i l l  have t o  be d isposed  of. Decommissioning t h e  p l a n t  

may b e  more d i f f i c u l t  t han  f o r  a n  LWR because  t h e  e n t i r e  pr imary c i r c u i t  

w i l l  be i n t e n s e l y  r a d i o a c t i v e .  

A l a r g e  amount of t r i t i u m  i s  g e n e r a t e d  i n  MSRs as a r e s u l t  of n e u t r o n  

r e a c t i o n s  w i t h  t h e  l i t h i u m  i n  t h e  f u e l  salt .  T r i t i u m  is known t o  d i f f u s e  

through metal wal l s  such  as heat-exchanger  t u b e s ,  t h u s  p rov id ing  a poten- 

t i a l  r o u t e  f o r  t r a n s p o r t  o f  gaseous  tritium through t h e  secondary  c o o l a n t  

l oop  t o  t h e  steaiii g e n e r a t o r s .  Recent exper iments  have  shown t h a t  tritium 

i s  ox id ized  i n  t h e  secondary  c o o l a n t  (sodium f l u o r o b o r a t e ) ,  which b locks  

f u r t h e r  t r a n s p o r t  of t r i t i u m .  The r e l e a s e  of t r i t i u m  from MSRs t o  t h e  en- 

vironment  i s  e s t i m a t e d  t o  be no g r e a t e r  t han  from LWRs and i s  w e l l  w i t h i n  

WRC g u i d e l i n e s .  

A power economy i n  which t h e  MSR p l a y s  an impor tan t  r o l e  would re- 
q u i r e  l a r g e  q u a n t i t i e s  of l i t h i u m ,  b e r y l l i u m ,  f l u o r i n e  ( f o r  t h e  f u e l - s a l t  

m i x t u r e ) ,  n i c k e l  (which compr ises  78% of t h e  Has te l loy-N) ,  and g r a p h i t e  

(modera tor  e lements ) .  The envi ronmenta l  e f f e c t s  of o b t a i n i n g ,  u s i n g ,  and 

d i s p o s i n g  of these materials would c e r t a i n l y  have t o  be e v a l u a t e d .  
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3.7 A n t i p r o l i f e r a t i o n  - F e a t u r e s  

A major f e a t u r e  of t h e  DMSR i s  t h e  r e l a t i v e  u n a v a i l a b i l i t y  of special  

n u c l e a r  material (SNM) t h a t  might b e  d i v e r t e d  and converted i n t o  s t r a t e g i c  

s p e c i a l  n u c l e a r  m a t e r i a l  (SSNM) f o r  use  i n  t h e  product ion  of n u c l e a r  ex- 

p l o s i v e  d e v i c e s .  Because a l l  t h e  f u e l  would be j n  a homogeneous f l u i d ,  

t h e r e  would never  be any s u b u n i t s  (e.g., f u e l  e lements )  t h a t  would he p a r -  

t i c u l a r l y  e n r i c h e d  i n  a g i v e n  " d e s i r a b l e "  m a t e r i a l  o r  d e p l e t e d  w i t h  re- 

s p e c t  t o  s p e e i  Fie contaminants .  I n  a d d i t i o n ,  because the i n i t i a l  f u e l  

charge  as w e l l  as a l l  makeup f u e l  would be dena tured  2 3 5 U  and because 

"spent"  f u e l  would n o t  be removed from t h e  pr imary containment  except  dur- 

i n g  decommissioning a t  t h e  end of r e a c t o r  l i f e ,  t h e  a c c e s s i b i l i t y  of even 

t h e  mixed f u e l  would b e  s e v e r e l y  r e s t r i c t e d .  P o s t u l a t i n g  ways of obta in-  

i n g  SSNM from any m i x t u w  c o n t a i n i n g  f i s s i l e  n u c l i d e s  i s  always p o s s i b l e ,  

b u t ,  i n  t h e  case of t h e  DMSR, t h e s e  appear  t o  i n v o l v e  s p e c i a l  d i f f i c u l t i e s  

as w e l l  a s  low p r o d u c t i v i t y .  

3.7.1 P o t e n t i a l  s o u r c e s  of SSNM 

* After t h e  f i r s t  few y e a r s  of power o p e r a t i o n ,  t h e  p r i n c i p a l  Eissile 

n u c l i d e  i n  a DMSR would be 233U w i t h  a s u b s t a n t i a l  m o m t  of 235U. 

e v e r  > b o t h  n u c l i d e s  woiild remain f u l l y  dena tured  d u r i n g  t h e  e n t i r e  opera- 

tton. Thus, a f t e r  d i v e r s i o n  and s e p a r a t i o n  from o thc r  chemical  s p e c i e s  

(many of which would b e  h i g h l y  r a d i o a c t i v e ) ,  t h e  f i s s i l e  uranium would 

s t j l l  have t o  be s u b j e c t e d  t o  a n  i s o t o p e  enrichment p r o c e s s  t o  produce 

SSNM. Other i s o t o p i c  contaminants  i n  t h e  uranium, n o t a b l y  232U,  would 

tend t o  make t h i s  a d i f f i c u l t  approach.  

How- 

The n e x t  most abundant t i s s i le  material i n  DMSR f u e l  sa l t  would b e  

plutonium, w i t h  a maximum t o t a l - p l a n t  i n v e n t o r y  ( a t  end o f  p l a n t  l i f e )  of 

334 kg of 239P11 + 241Pu. IIowever, t h i s  mater ia l  would a l so  c o n t a i n  182 kg 

Pu and 139 kg of 240Pu, which would tend t o  d e t r a c t  from i t s  va lue  of  242  

* I n i t i a l l y ,  t h e  dominant f i s s i l e  n u c l e i  would be 235U denatured  
w i t h  2 3 8 U ,  b u t  because t h i s  m i x t u r e  presumably would b e  a n  i t e m  of i n t e r -  
n a t i o n a l  conunerce, t h e  DMSR would n o t  r e p r e s e n t  a p a r t i c u l a r l y  a t t r a c t i v e  
source of supply.  



as SSNM. 

p l a n t  l i f e t i m e  ( e , g . ,  a f te r  one yea r  of o p e r a t i o n ) ,  b u t  t h e  t o t a l  inven- 

t o r y  would be much smaller - o n l y  86 kg of 23cJPu f 241Pu w i t h  13 kg o f  

A more a t t r a c t i v e  i s o t o p i c  m i x t u r e  would exis t  e a r l y  i n  t h e  

240Pu + 242Pu. 

Another p o t e n t j a l  s o u r c e  o f  SSNM i n  a DMSR would be 233X’a. ‘ W i s  nu- 

c l i d e  would have i t s  maximum i n v e n t o r y  of  -63 kg e a r l y  in trhe reaccar 

l i f e  and s lowly  d e c l i n e  t o  about  41 kg at t h e  end n f  l i f e .  In p r i n c i p l e ,  

t h i s  n u c l i d e ,  i f  I t  cou ld  b e  c l e a n l y  and r a p i d l y  s e p a r a t e d  from t h e  rest 
o f  t h e  f u e l  sa l t ,  cou ld  p rov ide  an  e q u i v a l e n t  amount of h j g h - p u r i t y  233U 

th rough s i m p l e  r a d i o a c t i v e  decay. 

3.7.2 A c c e s s i b i l i t y  of SSNM 

A major  c o n s i d e r a t i o n  r e g a r d i n g  t h e  a c c e s s i b i l i t y  o f  v a r i o u s  forms 

of  p o t e n t i a l  SSNM i n  a DMSR i s  that a l l  t h e  materials a re  i n t i m a t e l y  mixed 

w i t h  -350 Mg of h i g h l y  r a d i o a c t i v e  f u e l  sa l t  w i t h  no known method f o r  

s i m p l e  p h y s i c a l  s e p a r a t i o n .  Thus, d i v e r s i o n  o f  o n l y  a modest amount ( a  

few k i lograms of SSNM wi thout  p l a n s  f o r  i s o t o p i c  enr ichment  would r e q u i r e  

t h e  removal of a number of t o n s  of f u e l  s a l t  from t h e  r e a c t o r  system. The 
need f o r  such  l a r g e  (and o t h e r w i s e  u n j u s t i f i a b l e )  sa l t  removals ,  * which 

wi thou t  rep lacement  would s h u t  down t h e  r e a c t o r ,  coupled w i t h  t h e  need f o r  

an  e l a b o r a t e  chemica l  t r e a t m e n t  f a c i l i t y  t o  i s o l a t e  t h e  p roduc t ,  a p p e a r s  

t o  make t h i s  approach  r e l a t i v e l y  i m p r a c t i c a l .  

In p r i n c i p a l ,  pu re  233U cou ld  be d i v e r t e d  v i a  t h e  233Pa r o u t e  by 

modifying t h e  in -p lan t  h y d r o f l u o r i n a t o r  t o  p e r m i t  i t s  use  as  a f l u o r i -  

n a t o r .  Th i s  would r e q u i r e  two f l u o r i n a t i o n s  of e a c h  hatch of s a l t ,  w i t h  

one  o c c u r r i n g  immediately a f t e r  removal of t h e  sa l t  from t h e  r e a c t o r  t o  

s t r i p  o u t  t h e  dena tu red  uranium and a second about  two months l a t e r  t o  

r ecove r  t h e  2 3 3 U  produced by 233Pa decay.  However, i f  t h e  s y s t e m  were 

o r i g i n a l l y  des igned  t o  hand le  b a t c h e s  of  salt  no l a r g e r  t han  -1 m3, t h e  

* Presumably, this approach  would be used o n l y  t o  d i v e r t  plutonium 
because uranium d i v e r s i o n  would r e q u i r e  i s o t o p i c  enr ichment  and 233Pa  
d i v e r s i o n  would encoun te r  s e r i o u s  t iming  problems,  as w e l l  as r e q u i r i a g  
t h e  hand l ing  of more sa l t .  
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2 3 3 1 J  p roduc t ion  c a p a b i l i t y  would be less t h a n  3 kg/year ,  which seems i w -  

p r a c t i c a l l y  low. 

.Although t h e  removal of f i s s i l e  material from a DMSK may be  awkward, 

i f  i t  could  be accomplished wi thou t  removing l a r g e  q u a n t i t i e s  o f  s a l t ,  

then rhe removal could  be e a s i l y  concea led  by a d d i t i o n s  of  dena tu red  7 3 5 U  

t o  t h e  f u e l  sa l t .  T'ne change i n  t o t a l  uranium c o n c e n t r a t i o n  would not  

become s i g n i f i c a n t  u n t i l  a f t e r  the exchange of a f e w  t e n s  of k i lograms of 

f i s s i l e  f u e l .  

A I  though a much more d e t a i l e d ,  q u a n t i t a t i v e  a n a l y s i s  t h a t  cons ide red  

t h e  r e l a t i v e  v a l u e s  of v a r i o u s  forms of SSNM would be required t o  penn i t  

a comprehensive assessment  of t h e  p r o l i f e r a t i o n  s e n s i t i v i t y  of t h e  oiice- 

th rough DMSR, this g e n e r a l  t reatrncnt  s u g g e s t s  t h a t  t h i s  concept  may com- 

p a r e  f a v o r a b l y  w i t h  o t h e r  a l t e r n a t i v e s  i n  terms of  r e s i s t a n c e  t o  p r o l i f -  

e r a t i o n  of n u c l e a r  exp los ives .  
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. 
4.  ALTERNATIVE DMSR CONCEPFS 

Of t h e  several MSK c o n c e p t s  t h a t  have been c o n s i d e r e d ,  t h e  DKSR de- 

s c r i b e d  i n  t h e  preceding  s e c t i o n  w a s  judged t o  be t h e  one most f i r m l y  

based on c u r r e n t l y  a v a i l a b l e  technology. However, i t  i s  n o t  t h e  o n l y  

p r o l i f e r a t f o n - r e s i s t a n t  MSR concept  t h a t  could  be cons idered .  However, 

because a h i g h  Level of p r o l i f e r a t i o n  r e s i s t a n c e  i n  a n  MSR a p p a r e n t l y  re- 

q u i r e s  dena tured  f u e l ,  which imposes some d e s i g n  r e s t r i c t i o n s ,  t h e  major 

d i f f e r e n c e s  among t h e  a l t e r n a t e  c o n c e p t s  i n v o l v e  t h e  f u e l  c y c l e .  

4.1 F u e l  Cycle  Choices  

P o s s i b l y  t h e  most f a v o r a b l e  f u e l  c y c l e  f o r  any DMSR, nt l eas t  f r o m  

t h e  p o i n t  o f  r e s o u r c e  u t i l i z a t i o n ,  would be one w i t t i  break-even breeding  

performance. C a l c u l a t i o n s  f o r  a DMSR c o r e  wi thout  n e u t r o n  f l u x  f l a t t e n -  

ing  t o  extend t h e  l i f e  expec tancy  of  t h e  g r a p h i t e  moderator  showed9 t h a t  

break-even breeding  was m a r g i n a l l y  p o s s i b l e  w i t h  f u l l - s c a l e  f i s s i o n -  

product  t r e a t m e n t  of the f u e l  u s i n g  a reductive-extraction/metal-transfer 

process '"  s imilar  t o  t h a t  proposed f o r  t h e  MSBR. 

performance w e r e  n o t  a t t a i n e d ,  t h e  i n i t i a l  f u e l  change could  be "used" 

f o r  s e v e r a l  r e a c t o r  p l a n t  l i f e t i m e s  by f e e d i n g  moderate amounts of fis- 

s i l e  f u e l .  

Even i f  break-even 

The n e x t  s t e p  downward i n  performance might b e  a concept  i n v o l v i n g  

t r e a t m e n t  of t h e  f u e l  f o r  p a r t i a l  f i s s i o n - p r o d u c t  removal by chemica l  

o p e r a t i o n s  s i g n i f i c a n t l y  d i f f e r e n t  from t h e  r e f e r e n c e  process .  T h i s  ap- 

proach probably would l e a d  t o  s t i l l  lower convers ion  ra t ios ,  b u t  i t  might 

permi t  i n t e r n a l  r p c y c l e  of t h e  f u e l  through a f e w  g e n e r a t i o n s  o f  r e a c t o r s  

and,  t h e r e f o r e ,  o f f e r  b e t t e r  r e s o u r c e  u t i l i z a t i o n  t h a n  t h e  once-through 

f u e l  c y c l e .  

Some improvement i n  f u e l  u t i l i z a t i o n  over  cur ren t - technology LWRs 

could  be achieved even wi thout  o n - s i t e  chemical  t r e a t m e n t  f o r  f i s s i o n -  

product  removal. P e r i o d i c  replacement  of t h e  f u e l  carr ier  s a l t  ( a f t e r  re- 

covery  and r e t u r n  of o n l y  t h e  uranium) w i t h  material  t h a t  i s  f r e e  of fis- 

s i o n  p r o d u c t s  and h i g h e r  a c t i n i d e s  would improve t h e  u t i l i z a t i o n  of f i s -  

s i l e  f u e l ,  though i t  would i n c r e a s e  t h e  consumption of o t h e r  f u e l - s a l t  

c o n s t i t u e n t s .  
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All t h e  MSR o p t i o n s  from t h e  b r e e d e r  th rough tile s i m p l e s t  co i iver te r  

Tmuld t ake  advantage  of  t h e  fact tliat t h e  noble-gas f i s s i o n  p roduc t s  

( i n c l u d i n g  t h e  ve ry  impor t an t  nuclear  poison  135Xc) are v e r y  s p a r i n g l y  

soJub le  i n   he m o l t e r i  f l u o r i d e  f u e l ,  Thus, t h e y  would a l l  use  s i m p l e  

s t r i p p i n g  w i t h  gaseous helium t o  remove krypton  and xenon from the  p r i -  

mary system. I n  a d d i t i o n ,  t hey  wotild a l l  t ake  advantage  of t h e  fac t  t h a t  

t he  noble-metal  and seminoble-metal f i s s i o n  prodi ic ts  do  n o t  form s t a b l e  

f l u o r i d e s  f i x  t h e  f u e l  and would p r e c i p i t a t e  as  e l emen ta l  s p e c i e s ,  p r i -  

n a r i l y  on metal  surfaces o u t s i d e  the r e a c t o r  co re .  

4.1.1 Break-even . . . breed ing  

The presence  of 7 3 8 U  i n  a DMSIC, combined wih'h t h e  e f f e c t s  of f l u x  

f l a t t e n i n g ,  s u f f i c i e n t l y  r educes  the n u c l e a r  performance so t h a t  a n e t  

breeding  r a t i o  s u b s t a n t i a l l y  g r e a t e r  than  1.0 probably  could  n o t  b e  

ach ieved ,  even wi th  f u l l - s c a l e  f i s s ion -p roduc t  process2ng.  ( A  p o s i t i v e  

breeding  g a i n  presumably would be u n d e s i r a b l e  i n  a p r o l i f e r a t i o n - r e s f s t a n t  

system because i t  would r e q u i r e  t h e  p e r i o d i c  "export-" of excess f i s s i l e  

m a t e r i a l . )  However, t h e  s t u d i e s  t h a t  have been c a r r i e d  out  i n d i c a t e  t h a t  

break-even b reed ing  i s  w i t h i n  t h e  u n c e r t a i n t y  l i m i t s  o f  t h e  n e u t r o n i c  e a l -  

r i l l a t i o n s  f o r  a f l u x - f l a t t e n e d  DMSK c o r e  w i t h  a 30-year modera tor  l i f e  ex- 

pectancy.  Extended o p e r a t i o n  a t  break-even would r e q u i r e  a c a r e f u l l y  op- 

t imized  c o r e  d e s i g n  as w e l l  as con t inuous  f u e l - s a l t  p rocess ing  on a rela- 

t i v e l y  s h o r t  t i m e  c y c l e  (-20 d )  t o  remove f i s s i o n  p roduc t s  and re ta in  ( o r  

r e t u r n )  a l l  f i s s i l e  and h i g h e r - a c t i n i d e  n u c l i d e s ,  

The r e f e r e n c e  f u e l  p rocess ing  concept  proposed f o r  t h e  MSBR could  no t  

be  d i r e c t l y  a p p l i e d  t o  a I3MSR f o r  s e v e r a l  reasons. 

1. I s o l a t i o n  of 233Pa would no t  be  a c c e p t a b l e  i n  a DMSN because i t s  decay  

would 1 ead to  a supply  of d i v e r s i o n - s e n s i  t i v e ,  h igh -pur i ty  3u, 
2. I s o l a t i o n  of p ro tac t in ium would be accompanied by removal and l o s s  of 

p lu ton i im €rom t h e  ~ p r - r a t i n g  s y s t e m .  This would n o t  o n l y  degrade  sys- 

tem p e r f o n w n c e  h u t  a l s o  provide  a sou rce  of plutonium t h a t  *Joiild have 

t o  be  safeguarded  a n d / o r  d i sposed  o f .  
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. 

3. The r e f e r e n c e  sys t em wi thou t  p ro tac t in ium i s o l a t i o n  would have no 

means f o r  removing f i s s ion -p roduc t  z i rconium,  which would t h e n  reach  

u n d e s i r a b l y  h i g h  chemical  c o n c e n t r a t i o n s .  

However, t h e  r e f e r e n c e  p r o c e s s  cou ld  be  modif ied t o  meet t h e  requi rements  

of t h e  DMSR concept .  A modif ied  p r o c e s s  ( d e s c r i b e d  in Ref. 9>, i n  addi -  

t i o n  t o  prov id ing  t h e  r e q u i r e d  f i s s i o n - p r o d u c t  removal,  would o f f e r  o t h e r  

advantages .  

1. The t o t a l  plutonium inven to ry  would be l i m i t e d  because t h e  plutonium 

would e v e n t u a l l y  be  consumed a t  i t s  p roduc t ion  ra te  i n  t h e  r e a c t o r .  

2. The r e a c t o r  would s e r v e  as i t s  own " i n c i n e r a t o r "  f o r  t r ansp lu ton ium 

a c t i n i d e s ,  which would be con t inuous ly  r ecyc led  i n  t h e  f u e l .  

3. Nei the r  t h e  p ro tac t in ium nor t h e  plutonium would e v e r  be i s o l a t e d  from 

a l l  o t h e r  h i g h l y  r a d i o a c t i v e  species. 

This  modi f ied  p rocess ing  concept  would use a l l  t h e  b a s i c  u n i t  o p e r a t i o n s  

proposed f o r  t h e  MSBR system i n  e s s e n t i a l l y  t h e  same sequence. However, 

a d d i t i o n a l ,  though s imi la r ,  p rocess  s t e p s  would be  r e q u i r e d  t o  remove 

zirconium on a r e a s o n a b l e  t i m e  scale,  and t h e s e  are inc luded  i n  t h e  con- 

c e p t u a l  f low sheet. Some removal of neptunium a l s o  might  be d e s i r a b l e  t o  

avoid the  long-term poisoning  effects  of 237Np and 238Pu; t h i s  probably  

could be inc luded  wi thou t  adding s i g n i f i c a n t l y  t o  t h e  complexi ty  o f  t h e  

p rocess ing  f a c i l i t y .  

With f u l l - s c a l e  f i s s i o n - p r o d u c t  removal and break-even b reed ing ,  t h e  

f u e l  i n  a DMSR cou ld  be used i n d e f i n i t e l y .  That is ,  a t  the end-o f - l i f e  of 

one r e a c t o r  p l a n t ,  t h e  f u e l  salt  cou ld  be t r a n s f e r r e d  t o  a new p l a n t  and 

used wi thout  any s i g n i f i c a n t  i n t e r m e d i a t e  t r ea tmen t .  During t h e  l i f e  of  

any  g iven  p l a n t ,  adding  thorium as t h e  p r i n c i p a l  f e r t i l e  material and 

t o  m a i n t a i n  compliance w i t h  d e n a t u r i n g  requi rements  would be n e c e s s a r y ,  

b u t  no f i s s i l e  a d d i t i o n s  would be  r e q u i r e d .  Other  r o u t i n e  removals of 

f u e l - c a r r i e r  sa l t  (L iF  -+ ReF2 + ThF4)  and a d d i t i o n s  O F  ReF2 a n d  TtiF4 

would be r e q u i r e d  t o  ma in ta in  t h e  d e s i r e d  chemical  composi t ion  of  t h e  

s a l t .  The removed c a r r i e r  s a l t  could  be  d i s p o s e d  of ( a f t e r  conversion 

t o  n s u i t a b l e  form) o r  chemica l ly  processed for r e c y c l e  i n t o  o t h e r  MSRs. 

23tlU 

* 

- 
T,ithium f l u o r i d e  would be formed con t inuous ly  i n  t h e  s a l t  from the * 

l i t h i u m  used i n  the reduc t i v e - e x t r a c  t ionline t a l - t r a n s f e r  s t e p s .  
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4.1.2 Conver ie r  o p e r a t i o n  w i t h  f u e l  p r o c e s s i n g  

Because t h e  r e s u l t s  of t h e  c u r r e n t l y  completed n e u t r o n i c  c a l c u l a -  

t i o n s  w i l l  n o t  s u p p o r t  any f i n a l  c o n c l u s i o n s  about  t h e  breeding  p o t e n t i a l  

of f u l l y  opt imized DMSR c o r e s ,  c o n s i d e r a t i o n  must be g i v e n  t o  t h e  conse- 

quences of convers ion  r a t i o s  lower than  1.00. The e v a l u a t i o n s  were p e r -  

forinrd f o r  t h e  two-zone f l u x - f l a t t e n e d  c o r e  d e s c r i b e d  for t h e  30-year f u e l  

c y c l e  w i t h  t h e  fuel. p r o c e s s i n g  concept  f o r  the break-even b r e e d e r  added. 

I f  t h i s  system were o p e r a t e d  w i t h  no c o n s t r a i n t  00 t h e  enrichment  of t h e  

uranium i n  t h e  r e a c t o r  and no 238U a d d i t i o n ,  i t  would g r a d u a l l y  deve lop  

i n t o  an  MSKR a s  t h e  238U was c o n s u w d .  

s e l f - s u s t a i n i n g  on thorium w i t h  a breeding  r a t i o  of about  1.03 but  w i t h  a 

v e r y  h i g h  enrichment  of f i s s i l e  uranium. Breeding r a t i o s  as h i g h  as 1.11 

could be: a t t a i n e d  by changing t h e  thorium c o n c e n t r a t i o n  a n d / o r  t h e  s i z e  of 

t h e  i n n e r  c o r e  zone. 

p l a n t  uranium denatured  at a l l  t i m e s ,  t h i s  p a r t i c u l a r  r e a c t o r  system would 

u l t i m a t e l y  r e q u i r e  a n  a d d i t i o n a l  2 %  i n  n u c l e a r  r e a c t i v i t y  ti, he  i n d e f i -  

n i t e l y  o p e r a b l e .  Thi-s r e a c t i v i t y  d e f i c i t ,  i f  r ea l ,  could  be s u p p l i e d  i n  

a number of ways. 

The systern would t h e n  h e  f u l l y  

With t h e  a d d i t i o n  o f  enough 2 3 8 U  t o  keep t h e  in- 

k 

A moderate  feed  of 2 3 5 U  a t  20% enrichment  would extend t h e  f u e l  c y c l e  

t o  about  300 y e a r s .  A t  t h a t  t i m e ,  t h e  238U 1oatli.ng would become exces- 

s i v e ,  and t h e  r e a c t o r  could  no l o n g e r  be made c r i t i c a l .  While even 300 

y e a r s  may b e  much l o n g e r  t h a n  any r e a s o n a b l e  planning h o r i z o n ,  t h i s  re- 

s u l t  i n d i c a t e s  t h a t  a f u l l y  dena tured  MSR could have a very  l o n g ,  i f  n o t  

u n l i m i t e d ,  f u e l  l i f e t i m e .  I f  t h e  enrichment  of t h e  feed  material were 

allowed t o  r ise t o  33% 235U, r e a c t o r  o p e r a t i o n  could  be s u s t a i n e d  i n d e f i -  

n i t e l y  wi thout  f u e l  d i s c a r d .  

Because t h e  b u i l d u p  of 2 3 8 U  i s  t h e  l i m i t i n g  phenomenon i n  t h e  f u e l  

c y c l e  of any nonbreeding DPISR, any process  t h a t  would have t h e  effect of 

removing 238U would improve t h e  c h a r a c t e r i s t i c s  of the c y c l e .  

f u e l  feed  enrichment  set  a t  20% 2 3 5 U ,  t h e  b u i l d u p  of 2 3 8 U  c o u l d  be l i m i t e d  

With t h e  

T n d e f i n i t e l y  operable"  i s  a r b i t r a r i l y  d e f i n e d  h e r e  as main ta in ing  * , I  

k,ff 1.0 f o r  600 y e a r s  o r  longer. I n  a l l  extended f u e l  c y c l e s ,  t h e  
f u e l  i s  presumed t o  be t r a n s f e r r e d  wi thout  l o s s  from one r e a c t o r  p l a n t  t o  
a n o t h e r  as r e q u i r e d  by hardware l i f e t i m e  c o n s i d e r a t i o n s .  
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by removing some uranium from t h e  f u e l  sa l t  and r e p l a c i n g  i t  w i t h  f r e s h  

feed .  If o n l y  1% of the uranium i n v e n t o r y  were removed each year  and con-  

s i g n e d  t o  waste o r  t o  o f f - s i t e  r e c o v e r y ,  t h e  i n - p l a n t  i s o t o p i c  composi t ion  

would r e a c h  e q u i l i b r i u m  w i t h i n  300 y e a r s ,  and t h e  f u e l  c y c l e  could  be con- 

t i n u e d  i n d e f i n i t e l y .  An even more a t t r a c t i v e  c h o i c e  would be t o  remove 

some of t h e  uranium, s t r i p  o u t  p a r t  of t h e  2 3 8 1 J ,  and r e t u r n  t h e  remainder  

t o  t h e  r e a c t o r  p l a n t .  To examine t h i s  case, w e  assumed t h a t  2% of t h e  re- 

a c t o r  i n v e n t o r y  would be t r e a t e d  each  year  and t h a t  t h e  r e t u r n i n g  uranium 

would c o n t a i n  one-half  t h e  o r i g i n a l  2 3 8 U  o r  enough f o r  d e n a t u r i n g ,  which- 

e v e r  w a s  g r e a t e r .  

t i o n . )  

n i t e  o p e r a t i o n  and would r e q u i r e  less f e e d  material ( s e e  t h e  f o l l o w i n g  

d i s c u s s i o n )  than  t h e  o t h e r  o p t i o n s .  

(Only 238U was e x t r a c t e d  i n  t h i s  p r e l i m i n a r y  c a l c u l a -  

The c a l c u l a t i o n  showed t h a t  t h i s  approach a l s o  would a l l o w  i n d e f i -  

4 . 1 . 3  P a r t i a l  f i s s i o n - p r o d u c t  removal 

Although t h e  r e f e r e n c e  f iss ion-produc t p r o c e s s i n g  concept  could  

s t r o n g l y  a f f e c t  t h e  v e r y  long-term v i a b i l i t y  of DMSRs , the f i s s i o n - p r o d u c t  

p r o c e s s  would r e q u i r e  s u b s t l a n t i a l  t i m e  and e f f o r t :  f o r  commercial develop- 

ment,  and,  even t h e n ,  i t  might  no t  be a market success .  Consequently,  

c o n s i d e r i n g  a l t e r n a t i v e  p r o c e s s e s  might b e  u s e f u l .  

A v a r i e t y  of  a l t e r n a t i v e  s e p a r a t i o n s  procedures  have been examined 

o v e r  t h e  y e a r s  i n  t h e  ORNL MSR program f o r  p o s s i b l e  a p p l i c a t i o n  i n  f u e l  

r e p r o c e s s i n g  o p e r a t i o n s ,  P o s s i b l e  recovery  of p r o t a c t i n i u m ,  uranium, and 

o t h e r  a c t i n i d e s  by s e l e c t i v e  p r e c i p i t a t i o n  o f  o x i d e s  h a s  been examined, 

though most methods have p r e f e r r e d  removal of uranium i s o t o p e s  by f l u o -  

r i n a t i o n  t o  v o l a t i l e  UF6. Attempts  t o  remove t h e  l a n t h a n i d e s  ( t h e  most 

impor tan t  p a r a s i t i c  a b s o r b e r s  o f  n e u t r o n s )  have inc luded  p r o c e s s e s  based 

on ion exchange, p r e c i p i t a t i o n  of i n t e r m e t a l l i c  compounds, and even vola-  

t i l i z a t i o n  a t  low p r e s s u r e  of  t h e  o t h e r  m e l t  c o n s t i t u e n t s *  t o  l e a v e  t h e  

v e r y  n o n v o l a t i l e  l a n t h a n i d e  t r i f l u o r i d e s  behind.  A l l  such p r o c e s s e s  re- 
q u i r e  s o l i d s  h a n d l i n g ,  and many a l s o  have o t h e r  d i sadvantages .  None w a s  

* Such a s e p a r a t i o n  might  be f e a s i b l e ,  a f t e r  f l u o r i n a t i o n  of t h e  
uranium, fo r  a f u e l  c o n s i s t i n g  only o f  L i F ,  BeF2, and UF4, b u t  i n c l u s i o n  
of  c o n s i d e r a b l e  ThF4 ( a s  i n  a DMSR f u e l )  d e f e a t s  s u c h  a process .  
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developed Ear enough t o  l e a d  t o  an i n t e g r a t e d  p r o m s s .  F u r t h e r ,  af ter  

d i scove ry  o f  t h e  reducti.ve-extractioiI/ruetal-t-ransfer p r o c e s s ,  w h i c h ,  

though complex, involved  handl ing  on ly  l i q u i d s  and gases, s t u d i e s  of a l l  

o t h e r  s e p a r a t i o n s  were l a r g e l y  abandoned. 

,4n ion-exchange p rocess  f o r  s e l e c t i v e  removal o f  l a n t h a n i d e  ions from 

t h e  mol ten  f u e l  has  long  seemed a t t r a c t i v e  i n  p r i n c i p l e , ”  b u t  no at t rac-  

t i v e  i o n  exchanger  f o r  t h e s e  materials h a s  been demonstrated.  An obvious 

d i f f i c u l t y  i s  posed by t h e  a g g r e s s i v e  tendency of t h e  mol ten  LiF-ReF2- 

ThFk-UF4 s y s t e m  t o  react wi.th most materials t h a t  are  l i k e l y  t o  b e  u s e f u l .  

C e r t a i n  r e f r a c t o r y  l a n t h a n i d e  compounds ( such  a s  c a r b i d e s  n i t r i d e s  o r  

sul f i d e s )  could conce ivahly  be u s e f u l  and s u f f i c i e n t l y  s t a b l e .  The on ly  

c a n d i d a t e  materials t o  d a t e  have been materials such  a s  CeF3 and LaF3.  

By v i r t u e  o f  t h e  fo rma t ion  of n e a r l y  i d e a l  s o l i d  s o l u t i o n s  among the  ra re  

e a r t h  t r i f l u o r i d e s ,  t h e s e  compounds are capab le  o f  removing o t h e r  ( h i g h e r  

c r o s s - s e c t i o n )  l a n t h a n i d e s  from t h e  molten f l u o r i d e s .  The n e u t r o n  c r o s s  

s e c t i o n s  of cerium and lanthanum are no t  n e g l i g i b l e ;  because such  an ex- 

change p rocess  s a t u r a t e s  t h e  t r e a t e d  f u e l  w i t h  CeF3 o r  LaF3, t h e  r e s u l t i n g  

f u e l  s o l u t i o n  s t i l l  has  s u b s t a n t i a l  p a r a s i t i c  neu t ron  abso rbe r s .  l 9  

CeF3 ( O K  LaF3) exchanger a l s o  would presumably remoue t r i v a l e n t  a c t i n i d e s  

( i n c l u d i n g  plutonium) from t h e  mol t e n  f ue l .  This would be unacceptab le  

f o r  a DMSR. 

‘l’he 

No o v e r a l l  chemical  p rocess  based on such s e p a r a t i o n s  h a s  been de- 

s c r i b e d .  Obviously,  much development would be  necessa ry  b e f o r e  such a 

process  could  be  demonstirated. Also , s e v e r a l  so l id s -hand l ing  operat- lons 

a p p a r e n t l y  would be requi red  and no p rocess  based on t h e s e  operations 

could be  c a p a b l e  of p rocess ing  a DMSK on a s h o r t  time cyc le .  However, 

g iven  t h e  p r e s e n t  s t a t e  o f  knowledge, t h e  fo l lowing  process can  be  v i su -  

a l i z e d  t o  o p e r a t e  on r e l a t i v e l y  l a r g e  (1- t o  2-m3) ba t ches  of DEER f u e l ,  

p o s s i b l y  a f t e r  c o o l i n g  f o r  5 o r  6 d. The fo l lowing  s t e p s  would be neces-  

s a ry .  

S t e p  1. Treat t h e  m e l t  w i t h  a s t r o n g  ox idan t  t o  conve r t  W 3  t o  UF4, PaF4 

t o  PaFS ,  and PuF3 t o  PuF4. This should  ensu re  t h a t  cerium i s  

p r e s e n t  a s  CeF4 and ,  probably ,  t h a t  neptunium is  p r e s e n t  a s  NpF4. 

Americium and curium may be p r e s e n t  as t e t r a f l u o r i d e s  bu t   ill 
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probably  s t i l l  be m o s t l y  t r i f l u o r i d e s .  This  o x i d i z e d  system w i l l  

b e  c o r r o s i v e ,  b u t  i t  should  be manageable i n  equipment o f  n i c k e l  

o r  n icke l -c lad  H a s t e l l o y .  

S t e p  2. P r e c i p i t a t e  t h e  i n s o l u b l e  o x i d e s  us ing  water vapor  d i l u t e d  i n  

helium. The o x i d e s  U02, Pa205, Pu02, Ce02,  p robably  Np02, and 

p o s s i b l y  Am02 and Cm02 should  he o b t a i n e d .  With t h e  e x c e p t i o n  

of Z r 0 2  and Pa205, t h e s e  w i l l  b e  l a r g e l y  i n  s o l i d  s o l u t i o n .  

ox ide  s o l i d  s o l u t i o n  i s  l i k e l y  t o  c o n t a i n  15 t o  20% of Tho2; t h i s  

would correspond t o  a few (less t h a n  5 )  p e r c e n t  of t h e  ThF4 pres -  

e n t  i n  t h e  f l u o r i d e .  Recover t h e  o x i d e s  by d e c a n t a t i o n  and f i l -  

t r a  t ion. 

The 

S t e p  3. H y d r o f l u o r i n a t e  t h e  o x i d e s  f rom s t e p  2 i n t o  t h e  p u r i f i e d  LiF-  

BeF2-ThF4 m e l t  from s t e p  7 and reduce t h e  m e l t  w i t h  H2 and then  

w i t h  l i t h i u m ,  thorium, o r  b e r y l 1  ium t o  r e c o n s t i t u t e  f u e l  w i t h  

t h e  d e s i r e d  UF3/LJF4 r a t i o .  

S t e p  4. H y d r o f l u o r i n a t e  t h e  l i q u i d  from s t e p  2 t o  remove excess oxide  

ion.  Oxidize t o  g e t  samarium and ( i f  p o s s i b l e )  europium t o  SmFg 

and EuF3. 

Treat t h e  m e l t  from s t e p  4 w i t h  a n  excess of CeF3. This might 

be done i n  a column o r  i n  a two- o r  th ree-ba tch  c o u n t e r c u r r e n t  

o p e r a t i o n .  T h i s  removes a major f r a c t i o n  of t h e  rare e a r t h s  but  

does  e s s e n t i a l l y  n o t h i n g  € o r  cesium, rubidium, s t r o n t i u m ,  and 

barium. ( I f  neptunium, americium, and curium a r e  a p p r e c i a b l y  

h a r d e r  t o  o x i d i z e  than  plutonium, t h e y  should remain i n  t h e  s a l t  

i n  s t e p  2 and should b e  removed on t h e  CeF3 i n  s t e p  5 . )  

The LiF-BeF2-ThF4 m e l t  from s t e p  5 c o n t a i n s  o n l y  a f r a c t i o n  of 

t h e  rare e a r t h  poisons  b u t ,  of c o u r s e ,  i s  s a t u r a t e d  w i t h  CeF3. 

Oxidize t h e  Ce* t o  Ce4+. 

P r e c i p i t a t e  t h e  C e 4 +  as Ce02. 

Ce02, b u t  t h e  q u a n t i t y  should  be small. 

by d e c a n t a t i o n  and f i l t r a t i o n .  

t h e  f i s s i l e  material recovery  o p e r a t i o n  i n  s t e p  3. 
Dissolve  t h e  s o l i d  CeF3 (contaminated w i t h  rare e a r t h s )  from s t e p  

5 i n  same s u i t a b l e  s a l t  ( p r e f e r a b l y  n o t  7LiF-BeF2) and o x i d i z e  

t h e  Ce3+ t o  Ce4+. 

S t e p  5. 

S t e p  6 .  

S t e p  7. Some Tho2 w i l l  accompany t h e  

S e p a r a t e  t h e  p r e c i p i t a t e  

Feed t h e  molten LiF-BeF2-ThFq t o  

S t e p  8. 
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Step  9. P r e c i p i t a t e  t h e  cer ium as CeQ2 and r ecove r  the p r e c i p i t a t e  by 

d e c a n t a t i o n  arid f i l t r a t i o n ,  lX.scard a p o r t i o n  of t h e  mol ten  

s a l t ,  which c o n t a i n s  rare e a r t h  f i s s i o n  p roduc t s ,  I:O waste s t o r -  

age. Return the remainder  with the n e c e s s a r y  makeup to  s t e p  8. 

Combine t h e  Ce02 from s t e p  9 w i t h  that  from s t e p  7 and t r ea t  

t h e s e  s o l i d s  with HF and €I2 t o  o b t a i n  CeF3 ( p l u s  some ThFq). 

U s e  t h i s  as the major  p a r t  of t h e  r e a g e n t  f o r  s t e p  5.  

Step  10. 

This  p rocess  would have a number o f  d i sadvan tages  when compared wi th  

t h e  reductive-extractioii/metal.-tnransfer process .  Zirconium, cesium, ru- 

bidium, s t r o n t i u m ,  and barium would not  be removed, though none of  t h e s e  

i s  a major problem. Neptunium probably  would n o t  be  removed, though am- 

e r i c ium and curium may be. Iod ine  would h e  removed e i t h e r  d u r t n g  t h e  f u e l  

o x i d a t i o n  o r  subsequent  hydrof luor i rza t ions .  Selenium and t e l l u r i u m  - as- 

suming t h a t  t hey  a r r i v e  a t  t h e  p rocess ing  p l a n t  might be  vel-atilized a s  

el.ements o r  as f l u o r i . d e s  du r ing  t h e  f u e l  o x i d a t i o n  s t e p  (and they  might 

cause  a c o r r o s i o n  problem f o r  t h e  p r o c e s s ) ,  Heat g e n e r a t i o n  by t h e  f u e l ,  

even a f t e r  a few d a y s  coo l ing  t ine ,  would p r e s e n t  problems, and the corn- 

p lex  process  would be d i f f i c u l t  ( p o s s i b l y  imposs ib l e )  t o  eng inee r ,  A t  

b e s t ,  several days wou1.d he r e q u i r e d  t o  ger. a ba t ch  of DMSR f u e l  s o l v e n t  

th rough the p r o c e s s ,  though t h e  f i s s i l e  materials might  be r e t u r n e d  t o  t h e  

r e a c t o r  w i t h  a 2-d holdup. A n  a p p r e c i a b l e  i n v e n t o r y  of  f u e l  material ( b u t  

perhaps  n o t  more t h a n  5% of  r e a c t o r  i nven to ry )  would be  coo l ing  and i n  the 

p rocess ing  area. 

4.1.4 S a l t  rcr9laccment 

Even w i t h  no chemi-cal removal of f i s s i o n  p roduc t s ,  t h e  n e u t r o n  poi- 

soning  e f f e c t  i n  a DMSR does not  beg in  t o  approach  s a t u r a t i o n  u n t i l  a f t e r  

about  15 years of power o p e r a t i o n  a t  a 75X c a p a c i t y  f a c t o r .  Thus, i f  the 

f i s s ion -p roduc t  inven1:ot-y could be h e l d  a t  o r  below that cor responding  t o  

a 15-year l e v e l ,  a s i g n i f i c a n t  r e d u c t i o n  i n  fue1.i.ng requi rements  cou ld  be 

r e a l i z e d .  The s i m p l e s t  way t o  l i m i t  the f i s s i o n - p r o d u c t  conc .en t ra t ion  i n  

t h e  s a l t  i s  t o  d i s c a r d  a p o r t i o n  o€  t h e  s a l t  on a r o u t i n e  schedule  and 

r e p l a c e  i t  with c l e a n  s a l t .  

q u i r e  replacement  of t h e  f i s s i l e  m a t e r i n l  as wel.1. as t h e  f e r t i l e  cornI'onent 

With no r e f inemen t ,  salt  d i s c a r d  would re- 
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, 

c 

and t h e  s o l v e n t  ( o r  carrier) s a l t  and, t h e r e f o r e ,  would a c t u a l l y  r e q u i r e  

a l a r g e r  uranium supp ly  than the 30-year once-through f u e l  c y c l e  proposed 

f o r  t h e  r e f e r e n c e  DMSR concept .  

s e p a r a t e d  from the rest o f  t h e  f u e l  mix tu re ,  s o  t h e  dena tu red  uranium 

c o u l d  b e  removed and r e c y c l e d  a t  t h e  r e a c t o r  s i t e  w i t h  a minimum of  ef- 

f o r t .  Depending on t h e  rate of sa l t  rep lacement ,  t h i s  approach  would 

s i g n i f i c a n t l y  r educe  the requi rement  f o r  f i s s i l e  utaniuin below that  f o r  

t h e  s imple  once-through c y c l e ,  

However, uranium i s  e a s i l y  and e f f e c t i v e l y  

4.2 F u e l  Cycle  Performance 

Of t h e  a l t e r n a t e  f u e l  c y c l e s  cons ide red  i.n t h i s  s e c t i o n ,  t h e  break-  

even b r e e d e r ,  if it were s u c c e s s f u l ,  would p rov ide  f o r  t h e  b e s t  u t i l i z a -  

t i o n  of f i s s i l e  f u e l  r e s o u r c e s  ("'U). 

on  20% e n r i c h e d  235U, i t  would probably  r e q u i r e  700 t o  1000 Mg of natu-  

r a l  U308 t o  p rov ide  the  i n i t i a l  f u e l  l oad ing  f o r  each  1 GW o f  e l e c t r i c  

g e n e r a t i n g  c a p a b i l i t y .  [The s e p a r a t i v e  work t o  e n r i c h  t h i s  f u e l  t o  20% 

235U would be less t h a n  1 m i l l i o n  s e p a r a t i v e  work u n i t s  (SWU).]  

once provided ,  t h i s  f u e l  would con t inue  t o  produce e l e c t r i c i t y  i n  an a r b i -  

t r a r i l y  long  s u c c e s s i o n  of power s t a t i o n s  (or  as long  as f e r t i l e  m a t e r i a l  

was avai lable) .  Thus, t h e  e f f e c t i v e  r e s o u r c e  requi rement  could  be made 

Jf t h a t  system were s t a r t e d  up 

However, 

a r b i t r a r i l y  small by ave rag ing  i t  over  a l a r g e  number of p l a n t s .  Even i f  

t h e  i n i t i a l  f u e l  cha rge  were used i n  o n l y  one p l a n t ,  t h e  r e s o u r c e  r e q u i r e -  

ment would be  o n l y  10 t o  29% o f  t h a t  f o r  an LWR wi th  similar e lec t r ic  gen- 

e r a t i n g  c a p a b i l i t y .  

The c o n v e r t e r  o p t i o n s  w i t h  f u e l  p r o c e s s i n g  p rov ide  o t h e r  estimates of  

t h e  p o t e n t i a l  performance of DMSRs w i t h  f i s s i o n - p r o d u c t  c leanup (Table  29) .  

The o p t i o n s ,  which were d e s c r i b e d  ear l ier ,  may be summarized as f o l l o w s :  

.. 09 - t ion h e 1  . cyc1.e 

A 

R 

C I n i t i a l  1.oad is  2OZ 2 3 i 1 J ;  annual disc-.ard of 1 X  of  uranium i n v e n t o r y ;  

I n i t i a l  l o a d  i s  20% 235U; iiiakeup fuel. i s  20% 235U 

I n i t i a l  l oad  is 20% 2 3 5 U ;  nnkeup f u e l  i s  33X 2 3 5 U  

makeup f u e l  i s  202 2 3 5 U  

I n i t i a l  l oad  i s  20% 2351J; a n n u a l  reenrichment of 2% o f  u ran ium in- 
v e n t o r y  t o  d e n a t u r i - n p  l i m i t  o r  t o  ont+hsLf o f  p r h r  2 3 5 U  content; 
makeup f u e l  is 20% ' 3 s U  

D 
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Table  29. Performance d a t a  f o r  long-term f u e l  
c y c l e  o p t i o n s  f o r  CMSRs w i t h  f u l l - s c a l e  a 

f i s s ion- p r  oil uc t r emov a 1 

b Option 

-4 B C D 
.-_-- 

Conversion r a t i o  a f t e r  

20 y e a r s  
300 y e a r s  
600 y e a r s  

Requirement f o r  i n i t i a l  c o r e  
load ing  

u 3 ° 8 ~  Mg 
S e p a r a t i v e  work, Mg SWU 

Average requi rement  f o r  f u e l  
makeup p e r  30--year c y c l e  

u308, Mg 
During yea r s  0-300 
During y e a r s  301-600 

S e p a r a t i v e  work, Mg SWU 
During y e a r s  0-300 
During y e a r s  301-600 

U r a t i i i i r n  reenr ichment  , %/yea r  

Uranium d i s c a r d ,  Mg/ycar 

F i s s i l e  i nven to ry  a t  
e q u i l i b r i u m ,  Mg 

Uraniiirn 
A l l  f i s s i l e  n u c l i d e s  

0.90 0.94 0.94 0.94 
0.74 0.92 0.93 0.89 
c 0.92 0.93 0.89 

860 860 860 90 0 
860 890 860 900 

1000 420 580 5 00 
c 460 600 600 

1000 640 580 500 
e 470 600 600 

0 0 0 0.60 

0 0 0.24 0 

2,9 2.7 2.8 1.2 
3.2 3.1 3.0 3.1 

d 

__ 

“ F O ~  1 G W ~  a t  7 5 %  c a p a c i t y  f a c t o r .  

bSee text  € o r  c h a r a c t e r i z a t i o n  of o p t i o n s .  

dAt  300 y e a r s ,  

Not o p e r a b l e  beyond 300 y e a r s .  c 

The t a b u l a t e d  r e s u l t s  show t h a t  all fou r  of t h e s e  o p t i o n s  would ma in ta in  

r e l a t i v e l y  h i g h  conve r s ion  r a t i o s  f o r  v e r y  long  t i m e s .  

r equ i r emen t s  f o r  t h e  i n i t i a l  c o r e  l o a d i n g s  a re  a l l  s imi la r ,  and all are 

s l i g h t l y  h i g h e r  t h a n  t h a t  f o r  t h e  once-through f u e l  c y c l e  (because of  t h e  

volume of f u e l  i n  the  p rocess ing  system).  

The U308 r e s o u r c e  
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The f u e l  makeup requi rements  are  expressed  f n  m e t r i c :  t o n s  o f  U308 

f o r  30 y e a r s  of  o p e r a t i o n  i n  a 1-GWe p l a n t  a t  75% c a p a c i t y  f a c t o r  and are 

averages  f o r  t e n  30-year c y c l e s .  The e f f e c t  o f  t h i s  averaging  i s  most 

pronounced f o r  o p t i o n  A; t h e  f u e l  makeup requi rement  i s  o n l y  a f r a c t i o n  

of t h e  average  f o r  t h e  f i r s t  one o r  two r e a c t o r  l i f e t i m e s  and i s  somewhat 

g r e a t e r  t h a n  t h e  average  f o r  t h e  l a s t  c y c l e s .  Thus, w h i l e  t h i s  o p t i o n  

would r e q u i r e  more uranium t h a n  t h e  o t h e r s  i n  t h e  very  long  temi ,  i t s  per- 

formance f o r  t h e  f i r s t  few r e a c t o r  l i fe t imes  would be q u i t e  a t t r a c t i v e ,  

Even f o r  t h e  long-term, t h i s  r e s o u r c e  requirement  would be w e l l  below 

t h a t  of c u r r e n t - g e n e r a t i o n  LWKs. Option B i l l u s t r a t e s  t h e  long-term sav- 

ing  i n  uranium r e s o u r c e s  t h a t  could  be achieved i f  h i g h e r  enr ichments  

could  be t o l e r a t e d  f o r  t h e  r e l a t i v e l y  s m a l l  amounts o€  makeup f u e l .  Be- 

c a u s e  t h e  r e s o u r c e  s a v i n g s  are p r i n c i p a l l y  l o n g  term and t h e  r e q u i r e d  

uranium enrichment  exceeds  c u r r e n t l y  perce ived  d e n a t u r i n g  l i m i t s ,  t h i  s 

a p p e a r s  t o  b e  one of t h e  less  promising o p t i o n s .  The two remaining op- 

t i o n s ,  C and D ,  b o t h  show f a v o r a b l e  r e s o u r c e  u t i l i z a t i o n  p r o p e r t i e s  f o r  

long  t i m e s  w i t h  o n l y  minor p e n a l t i e s  f o r  d i s c a r d e d  uranium ( o p t i o n  C) o r  

uranium s u b j e c t e d  t o  reenrichment  ( o p t i o n  D). Of t h e s e ,  o p t i o n  D c l e a r l y  

would be p r e f e r a b l e  i f  reenrichment  were an a c c e p t a b l e  procedure.  

The preceding f o u r  c o n v e r t e r  o p t i o n s  a n d / o r  t h e  break-even b r e e d e r  

would r e q u i r e  t h e  a v a i l a b i l i t y  of n coniplex and expens ive  f u e l  c leanup 

f a c i l i t y  w i t h i n  t h e  pr imary containment  of each  r e a c t o r  i n s t a l l a t i o n .  

The technology f o r  an  i n t e g r a t e d  p r o c e s s i n g  f a c i l i t y  h a s  not  been f u l l y  

deve loped ,  and p a s t  work c l e a r l y  i n d i c a t e s  t h a t  a s u b s t a n t i a l  development 

e f f o r t  would be r e q u i r e d  t o  produce a commercial ly  f u n c t i o n a l  system. 

Even t h e n ,  t h e  c a p i t a l . ,  o p e r a t i n g ,  and maintenance c o s t s  of such  a system 

p o s s i b l y  would have a s i g n i f i c a n t  a d v e r s e  impact on t h e  o v e r a l l  economic 

performance of t h e  a s s o c i a t e d  DMSR. Other  f a c t o r s  t o  be c o n s i d e r e d  f o r  

t h e s e  o p t i o n s  i n c l u d e d  t h e  w i l l i n g n e s s  of t h e  r e a c t o r  o p e r a t o r  t o  assume 

* 

* Conceivably,  a s i n g l e  c leanup f a c i l i t y  could  s e r v e  s e v e r a l  r e a c t o r s  
a t  a common s i t e ,  but  such  an arrangement would compl ica te  t h e  o p e r a t i o n  
and would add problems of i n v e n t o r y  a c c o u n t a b i l i t y  among t h e  v a r i o u s  
u n i t s .  
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r e s p o n s i b i l i t y  f o r  a chemical  process ing  faci . l i . ty ,  t h e  so(:. l o p o l i t i c a l  ac- 

c e p t a b i l i t y  o f  co loca t fng  such a f a c i l i t y  wi th  e a c h  DMSR, and t h e  l i c e n s -  

ing  q u e s t i o n s  t h a t  may a r i s e  from such  an arrangement.  

The o t h e r  end of t h e  range of p o s s i b l e  fue l  cyc le  performances f o r  

DMSRs i s  r e p r e s e n t e d  by t h e  30-year cyc1.e d e s c r i b e d  ea r l i e r  i n  t h i s  r e p o r t  

a s  t h e  reference concept .  Although t h i s  system, w i t h  a l i - f e t i m e  requi.re- 

ment of 1810 Mg (2000 s h o r t  tons)  of U 3 0 8 ,  would be the l a r g e s t  consumer 

o f  natxral  uranium and s e p a r a t i v e  work among t h e  DMSK o p t i o n s  c o n s i d e r e d ,  

i t  s t i l l  would require s u b s t a . n % i a l l y  less of t h e s e  commodities than  t h e  

once-through f u e l  c y c l e  i n  l i -ght-water  reactors. In -the absence of fa- 

c i l - i t i e s  f o r  r e c y c l i n g  t h e  non-SNM c o n s t i t u e n t s  o f  t h e  f u e l  s a l t  t h i s  

approach would u s e  less of such materials t h a n  any of t h e  o t h e r  a l t e r n a -  

t i v e s .  However, d e s p i t e  t h e  30-year f u e l  c y c l e ,  t h i s  conceps would n o t  

e l i m i n a t e  a11 o n - s i t e  chemical. t rea tment  of  the f u e l  s a l t .  The a c t i - v i t i e s  

t o  m a i n t a i n  t h e  d e s i r e d  U3+/U4+ ra t i -o  i n  t h e  fue l  and the  %reatrnents  t o  

l i m i t  t h e  l e v e l  of o x i d e  contaminat ion  i n  t h e  s a l t  would s t i l l  be needed. 

Thus, even t h e  "si.mplest" DMSR would r e q u i r e  some equipment f o r  and some 

t e c h n i c a l  competence i n  chemi-cal process ing ,  even though n e i t h e r  would 

d i r e c t l y  involve  t h e  SPJM i n  the system. 

The i n t e r m e d i a t e  concepts  t h a t  make use of a s h o r t e r  s a l t  d i s c a r d  

c y c l e  merely s u b s t i t u t e  consumption of o ther  f l -uor ide  s a l t s  f o r  p a r t  of 

the f i s s i l e  uranium consumption i n  t h e  r e f e r e n c e  30-year c y c l e .  Because 

t h e s e  o t h e r  f l u o r i d e s  ( e s p e c i a l l y  7JAF> may a l s o  h e  r e l . a t i v e l y  expens ive ,  

t h i s  s u b s t i t u t i o n  might n o t  always be c o s t  e f f e c t i v e .  In a d d i t i o n ,  any 

system t h a t  used s a l t  d i s c a r d  woi-ild have t u  recover  uranium from t h e  

"waste" s a l t  t o  prevent  e x c e s s i v e  uranium consumption. This would add 

y e t  a n o t h e r  cherntcal. p rocess ing  o p e r a t i o n  t o  t h e  r e a c t o r  p l a n t .  

The a l t e r n a t i v e s  t h a t  r e l y  on  s p e c i a l  t r e a t m e n t  schemes t o  remove 

f i s s i o n  products  from t h e  f u e l  s a l t  may have a t t r a c t i v e  f u e l  u t i l i z a t i o n  

c h a r a c t e r i s t i c s ,  b u t  they  have n o t  been analyzed i n  s u f f i c i e n t  d e t a i l  t o  

p e r m i t  an a c c u r a t e  c . h a r a c t e r i z a t i o n .  I n  a d d i t i o n ,  c o n s i d e r a b l e  r e s e a r c h  

and development would be r e q u i r e d  b e f o r e  such p r o c e s s e s  could b e  shown t o  

be t e c h n i c a l l y  f e a s i b l e .  Consequently,  l i t t l e  i a c e n t i v e  is  a p p a r e n t  a t  

t h i s  t i n e  t o  propose new and di.Eferent chemical  p r o c e s s i n g  coilcepts for 

DMSRS. 
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While t h e  t e c h n o l o g i c a l  f e a s i b i l i t y ,  t h e  o v e r a l l  t echnica l .  perform- 

ance ,  and t h e  p r o l i f e r a t i o n  r e s i s t a n c e  of t h e  DMSR are irnport:anit ckiarac-- 

ter is t ics  t o  be  cons ide red  i n  a s s e s s i n g  i ts  v a l u e  as a n  a l t e r n a t i - v p  nrr- 

clear concep t ,  a n  o v e r r i d i n g  c o n s i d e r a t i o n  i s  likely t o  be the commer- 

c i a l i z a t i o n  p o t e n t i a l  of t h e  s y s t e m .  T h i s  g e n e r a l  a t t r i b u t e  inc l i ides  a 

number of c o n s i d e r a t i o n s ,  such  as : 

1. t h e  probable  t o t a l  c o s t  of deve loping  a commercial ly  r eady  system; 

2. t he  t i m e  r e q u i r e d  f o r  such  development,  which s t r o n g l y  a f f e c t s  t h e  

impact a sys t em can  have on power needs;  

3 .  t h e  probable  n e t  economic performance of commercial u n i t s ,  which de- 

t e rmines  t h e  a t t r a c t i v e n e s s  of t h e  concept  t o  its pot:ent-ial u s e r s  s 

t h a t  i s ,  t h e  e l e c t r i c  power u t i l i t i e s ;  

4.  t h e  ease of l i c e n s a b i l i t y  of t h e  commercial p l a n t s ,  which i s  n re- 

f l e c t i o n  of t h e  c o n c e p t ' s  s o c i o p o l i t i c a l  a t t r a c t i v e n e s s ,  as w e l l  as 

i t s  t e c h n i c a l  performance. 

Some r e l e v e n t  i n fo rma t ion  about  t h e  DMSK wi th  r e s p e c t  t o  each  of t h e s e  

p o i n t s  i s  p resen ted  i n  t h e  fo l lowing  d i s c u s s i o n .  

5.1 Research and Development 

S ince  MSR r e s e a r c h  and development h a s  been under way f o r  some 30 

y e a r s ,  t h e  b a s i c  technology i s  w e l l  understood.  However, much o f  i t  Faas 

n o t  been developed t o  t h e  s t a g e  and scale that: would be reqtrired f o r  the 

c o n s t r u c t i o n  of l a r g e  r e a c t o r  systems.  Thus n s i g n i f i c a n t  R&D e f f o r t  

would be an  impor tan t  p a r t  of any program t o  commercial ize  MSRs. Tn ad- 

d i t i o n ,  u n t i l  r e c e n t l y ,  development was concen t r a t ed  on r e a c t o r  concep t s  

w i t h  a good breeding  g a i n  and a low f i s s i l e  i n v e n t o r y  s o  t h a t  the r e s u l t -  

i ng  the rma l  b reede r  r e a c t o r  system would have a r easonab ly  s h o r t  doubl ing  

t i m e  and could  be cons ide red  a v i a b l e  a l t e r n a t i v e  ( o r  complement) t o  fast 

breeder s y s t e m s .  The technology needs of t h e  modif ied r e a c t o r  concept  

t h a t  has  been developed i n  response  t o  t h e  r e c e n t  emphasis on p r o l i f e r a -  

t i o n  r e s i s t a n c e  d i f f e r  from those  of t h e  nominal b reede r  concept .  



110 

5.1.1 C u r r e n t  s t a t u s  

MSR development has been c a r r i e d  through t h e  d e s i g n  and o p e r a t i o n  

of a proof-of -pr inc ip le  tes t  r e a c t o r ,  t h e  MSRE, which was a n  5-MWt reac- 

t o r  t h a t  opera ted  a t  ORNL from 1965 t o  1969. This r e a c t o r  demonstrated 

t h e  b a s i c  r e l i a b i l i t y  of a mol ten-sa l t  sys t em,  s t a b i l i t y  of t h e  f u e l  

s a l t ,  c o i n p a t i b i l i t y  of  f ' l .uoride s a l t s  w i t h  Hastelloy-N and g r a p h i t e ,  re- 

l i a b i l i t y  of mol ten-sa l t  pumps and h e a t  exchangers ,  and maintenance of  a 

r a d i o a c t i v e  f l -uid-fueled system by remote methods. The r e a c t o r  was c r i t -  

i ca l  over  17,000 h ,  circ,ul.ated f u e l  s a l t  f o r  n e a r l y  22,000 h ,  and gener- 

a t e d  over  100,000 Mi& o f  thermal  energy. The MSRE had achieved  a1.l the 

o b j e c t i v e s  o f  the r e a c t o r  test  program when i t  was r e t i r e d  i n  1969. 

A E t e r  t h e   successful^ o p e r a t i o n  o f  t h e  MSRE, t h e  r e a c t o r  concept  ap- 

peared ready  f o r  commercial development. I n  p r e p a r a t i o n  f o r  f u r t h e r  de- 

velopment,  t h r e e  major  r e p o r t s  were prepared:  a c o n c e p t u a l  d e s i g n  s t u d y  

of an  MSBR i n  1971 (Ref. 8 ) ,  a rev iew of t h e  s t a t u s  of development i n  

1972 (Ref.  lOl), and a program p l a n  f o r  development i n  1974 (Ref,  2 1 ) .  

For r e a s o n s  o t h e r  t h a n  t e c h n o l o g i c a l ,  t h e  government dec ided  not  t o  fund 

f u r t h e r  development of MSRs. The program was c a n c e l l e d  i n  1973, r e s t a r t e d  

i n  1974, and f i n a l l y  te rmina ted  i n  1976. 

The development of a p r o l i f e r a t i o n - r e s i s t a n t  DMSR would r e q u i r e  basi- 

c a l l y  t h e  same t e c h n o l o g i c a l  development program as w a s  proposed f o r  t h e  

NSBR, bu t  t h e  emphasis would be on r e l . i a b i l i t y ,  ease of commerc ia l tza t ion ,  

1- icensing , and p r o l i f e r a t i o n  r e s i s t a n c e  r a t h e r  t h a n  on h i g h  breeding  per- 

formance. With t h e s e  o b j e c t i v e s  i n  mind, t h e  1972 s ta tus-of-development  

r e p o r t  h a s  been updated ,  and the program p l a n  f o r  development h a s  been 

modif ied f o r  t h e  DMSR. l o 2  (While t h e  main o u t l i n e  of  DMSR development 

requi rements  w i l l  be presented  i n  t h i s  r e p o r t ,  t h e  r e a d e r  i s  r e f e r r e d  t o  

Ref. 102 f o r  g r e a t e r  d e t a i l . )  

5.1.2 Technology base €o r  r e f e r e n c e  DMSR I .--- 

The b a s e  technology € o r  MSRs i s  w e l l  e s t a b l i s h e d  and has been l a r g e l y  

"proven i n  p r i n c i p l e "  by t h e  o p e r a t i o n  of t h e  MSRE. Nhi le  no major un- 

reso lved  t e c h n i c a l  i s s u e s  e x i s t  a t  t h e  p r e s e n t  t i m e ,  a l a r g e  R61) e f f o r t  

would be r e q u i r e d  t o  b r i n g  rnol ten-sal t  technology t o  commerc ia l iza t ion .  
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A t  t h e  c l o s e  of MSRE o p e r a t i o n ,  two major  t e c h n i c a l  i s s u e s  appeared 

unreso lved .  The f i r s t  w a s  t h e  c o n t r o l  o f  t r f t i u m ,  which i s  produced i n  

f a i r l y  l a r g e  q u a n t i t i e s  i n  a mol t en - sa l t  system and which i s  known t o  d i f -  

f u s e  through metal walls. Subsequent e n g i n e e r i n g - s c a l e  tests have demon-. 

s t r a t e d  t h a t  tritium i s  o x i d i z e d  i n  sodium f l u o r o b o r a t e ,  t h e  proposed sec- 
ondary s a l t  f o r  t h e  DMSR, and a p p e a r s  t o  be handled r e a d i l y .  However, t h i s  

p rocess  i s  n o t  y e t  w e l l  unde r s tood ,  and t h e  e f f e c t s  of m a i n t a i n i n g  an ade- 

q u a t e  c o n c e n t r a t i o n  of t h e  o x i d a n t  on t h e  long-term c o m p a t i b i l i t y  of t h e  

s a l t  w i t h  t h e  s t r u c t u r a l  a l l o y  are unknown. The second i s s u e  involved  t h e  

c o m p a t i b i l i t y  of Hastelloy-N wi th  f u e l  salt .  Opera t ion  of t h e  MSKE showed 

t h a t  t h e  g e n e r a l  c o r r o s i o n  of Hastelloy-N and g r a p h i t e  i n  a n  o p e r a t i n g  MSR 

w a s  near  z e r o ,  as expec ted .  However, metal s u r f a c e s  t h a t  had been exposed 

t o  f u e l  sa l t  c o n t a i n i n g  f i s s i o n  p r o d u c t s  w e r e  unexpec ted ly  found t o  e x h i b i t  

grain-boundary a t t a c k ,  which was subsequen t ly  shown t o  be caused by reac-  

t i o n  w i t h  t h e  f i s s i o n  p roduc t ,  t e l l u r i u m .  F u r t h e r  work h a s  shown that tel- 

lu r ium a t t a c k  can  be c o n t r o l l e d  by e i t h e r  a m o d i f i c a t i o n  of t h e  Hastelloy-N 

a l l o y  o r  by c o n t r o l  of t h e  o x i d a t i o n  p o t e n t i a l  of t h e  f u e l  salt .  

The major areas of r e s e a r c h  r e q u i r e d  f o r  commerc ia l i za t ion  of MSRs  

would i n v o l v e  improvement of t h e  materials of c o n s t r u c t i o n  (Hastel loy-N 

and g r a p h i t e ) ,  t h e  d e s i g n  of i n - l i n e  i n s t r m e n t a t i o n  f o r  h igh- tempera ture  

u s e ,  and t h e  development of f u e l  p r o c e s s i n g  ( a t  least for  the end of reac- 

t o r  l i f e  and p o s s i b l y  a l s o  f o r  u s e  on- l ine) .  The major  areas of develop-  

ment i n v o l v e  t h e  sca le -up  of r e a c t o r  components (e.g. ,  pumps) and t h e  de- 

s i g n  and development of components t h a t  w e r e  no t  p r e s e n t  i n  t h e  MSRE 

(e.g., steam g e n e r a t o r s  and mechanical  v a l v e s ) .  I n  a d d i t i o n ,  we a n t i c i -  

p a t e  t h a t  t h e  d e s i g n  o f  some components such as t h e  f u e l  d r a i n  sys tem and 

t h e  r e a c t o r  c e l l  w i t h  i t s  i n s u l a t i o n ,  h e a t i n g ,  and c o o l i n g  requi rements  

would be e x t e n s i v e l y  modifed t o  m e e t  c u r r e n t l y  u n s p e c i f i e d  l i c e n s i n g  re- 

qui rements .  Another l a r g e  area o f  development would be t h e  c o n t r o l  of 

the t empera tu res  and f l o w s  i n  t h e  pr imary  and secondary  s a l t  s y s t e m s  and 

i n  t h e  steam system t o  avoid  sa l t  f r e e z i n g  and e x c e s s i v e  thermal  stress. 

A l t e r n a t i v e l y ,  some components might  be des igned  t o  accommodate such  

f r e e z i n g .  S t i l l  a n o t h e r  area of development would be advanced remote 

main tenance  t e c h n i q u e s ,  i n c l u d i n g  t h e  rep lacement  of components u s i n g  

remote p ipe  c u t t i n g  and welding.  
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The concept  o f  t h e  DMSR h a s  emphasized p r o l i f e r a t i o n  r e s i s t a n c e  

and f u r t h e r  d e s i g n  e f f o r t s  would be expected t o  adhere  t o  p r o l i f e r a t i o n -  

r e s i s t a n c e  c r i t e r i a .  However, no major areas have been i d e n t i . f i e d  i n  

which t h e  R&D requi rements  f o r  a OMSR would be s u b s t a n t i a l l y  d i f f e r e n t  

from t h o s e  f o r  o t h e r  v e r s i o n s  of t h e  MSR concept .  E s s e n t i a l l y  t h e  sane 

R&D program would be pursued as was planned f o r  t h e  MSBR. The s e l e c t i o n  

of a low-power-density c o r e  f o r  t h e  DMSR h a s  r e l i e v e d  t h e  requj-rements f o r  

c o r e  g r a p h i t e  ( e s p e c i a l - l y  f o r  g a s  p e r m e a b i l i t y )  and has  s i m p l i f i e d  v e s s e l  

d e s i g n  (because  g r a p h i t e  replacement  i s  n o t  r e q u i r e d ) .  The s e l e c t i o n  of 

a r e f e r e n c e  DMSR wi thout  on-l ine f u e l  processing, has removed t h e  develop-  

ment of on- l tne  process ing  from t h e  expected c r i t i c a l  p a t h  f o r  r e a c t o r  de- 

velopment. Process ing  development should proceed,  however, t o  meet two 

c l o s e l y  r e l a t e d  o b j e c t i . v e s :  (1) development of on- l ine  r e p r o c e s s i n g  t o  

o b t a i n  t h e  improved fue l  u t i l i z a t i o n  of t h e  break-even b r e e d e r  DMSR op-. 

t i o n  as s a o n  as p o s s i b l e  and ( 2 )  development of a p r o c e s s  ( p r o b a b l y  u s i n g  

t h e  same b a s i c  technology)  f o r  e v e n t u a l  c e n t r a l  p rocess ing  of  f u e l  from 

once-through DMSRs, p o s s i b l y  i n  s e c u r e  f u e l  s e r v i c e  c e n t e r s .  

5.1.3 Base program schedule  and c o s t s  

An REin base program h a s  been presentsd  i n  some d e t a i l  i n  t h e  program 

p l a n .  l o 2  

development a c t i v i t y  a n n u a l l y  f rom 1980 t o  1994 and as a t o t a l  f o r  1995 

through 2011 i s  g i v e n  i n  Table 30. The complete  base  program i s  pro- 

j e c t e d  t o  c o s t  about  $700 m i l l i o n  over  about  30 y e a r s .  

The p r o j e c t e d  c o s t  schedule  ( i n  1978 d o l l a r s )  f o r  each major 

Some of t h e  c o s t s  a re  t a r g e t e d  f o r  e i t h e r  t h e  Molten-Salt  T e s t  Reac- 

t o r  (MSTK) o r  t h e  demonst ra t ion  DNSR ( a s  d i s c u s s e d  i n  t h e  fo l lowing  sec- 

t i o n )  whi le  o t h e r  c o s t s  a p p l y  g e n e r a l l y  t o  t h e  MSK development program. 

However, t h e s e  c o s t s  do n o t  i n c l u d e  d e s i g n  and c o n s t r u c t i o n  c o s t s  f o r  thg 

r e a c t o r  p l a n t s .  

The schedule  of f u e l  process ing  technology development rrras se t  up f o r  

t h e  c o n c u r r e n t  development of on-l ine process ing  This  schedule  could be 

s t r e t c h e d  i f  t h e  once-through cyc le  were chosen f o r  the  f i r s t  DMSRs. How- 

e v e r ,  t h e  development of process ing  technology i s  an impor tan t  g o a l  of t h e  

program i n  any e v e n t .  
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5.2 Reac tor  Ru-fld Schedule  _ _ _  ___I.I_ 

5 . 2 , l  Reac tor  sequence _l_......_.....l_I _I_ 

In addi . t ion  to  t h e  program of base technology o u t l i n e d  p r e v i o u s l y ,  

a ser ies  of t h r e e  developmental  r e a c t o r s  cu lmina t ing  w i t h  a s t a n d a r d i z e d  

commercial p l a n t  a r e  proposed f o r  cons t ruc t i .on .  The proposed development 

p lan  i s  g i v e n  i n  c o n s i d e r a b l e  d e t a i l  i n  kef. 102. 

The development sequence would s t a r t  w i t h  a p r e l i m i n a r y  conceptual. 

d e s i g n  f o r  a 1.000-MWe DMSR (which would actual1.y be t h e  second r e a c t o r  

i n  the s e r i e s )  t o  f u r t h e r  d e f i n e  t h e  development problems. This  would 

be followed by c o n s i d e r a b l e  component development ( i n  t h e  base  technology 

program) a f t e r  which t h e  MSTR would be designed.  

t o  be i n  t h e  1.00- t o  250-HWe s i z e  range ,  which would employ components 

i n  the o n e - f i f t h  t o  f u l l - s c a l e  range  (based on t h e  1000-MVe c o n c e p t u a l  

d e s i g o ) .  Most of t h e  MSTR components would be t e s t e d  rin an  MSTR noti- 

r a d i o a c t i v e  mockup b e f o r e  t h e  MSTR w a s  a c t u a l l y  assembled. 

The MSTR i s  proposed 

During c o n s t r u c t i - o n  of t h e  MSTR, component development and d e s i g n  

of  t h e  p r o t o t y p e  IlMSR would proceed,  w i t h  d e t a i l e d  d e s i g n  and cons t ruc-  

t i o n  coi-ncident w i t h  o p e r a t i o n  o f  t h e  MSTR. This  would a l l o w  c l o s e  feed- 

back from MSTR e x p e r i e n c e  i n t o  t h e  design. amd c o n s t r u c t i o n  of t h e  pro%o- 

t y p e .  F i n a l l y ,  d e t a i l e d  desi-grn of t h e  fi-rst s t a n d a r d  DMSR would proceed 

dur ing  c o n s t r u c t i o n  of t h e  p r o t o t y p e  so c o n s t r u c t i o n  of  that: reactor could 

begin s h o r t l y  a f t e r  t h e  p r o t a t y p e  s t a r t e d  o p e r a t i o n .  

5.2.2 Schedule  and c o s t s  

A p o t e n t i a l  r e a c t o r  b u i l d  schedule  i s  gjl'ven i n  F ig ,  20. This  i s  t h e  

same development schedule  as was proposed f o r  t h e  break-even b r e e d e r  DMSR 

o p t i o n e 3  

o n - l i n e  r e p r o c e s s i n g  system proceeded i n  p a r a l l e l  w i t h  development o f  t h e  

r e a c t o r s .  T h e r e f o r e ,  no c r e d i t  can be taken  f o r  omitting process d e s i g n  

i n  t h e  schedule  f o r  t h e  once-through DMSR. However, removal of t h e  pro- 

cess development from t h e  expected c r i t i c a l  p a t h  f o r  r e a c t o r  development 

rem.oves a major source  of u n c e r t a i n t y  and p o t e n t i a l  d e l a y  from t h e  devel-  

opment schedule .  

I n  t h e  l a t t e r  case, t h e  assumption w a s  t h a t  development o f  t h e  
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The c o n s t r u c t i - o n  cos t  of t h e  MSTR may be  e s t i m a t e d  by updat ing  t h e  

cost: estimate f o r  the MSTR prepared i.n 1975 f i J r  the MSBR program. Using 

a c o n s t r u c t i o n  materials and l a b o r  i n c r e a s e  of  12%/year  g i v e s  a mu1ti.- 

p l i e r  of  1.4 and a c o s t  f o r  t h e  MSTK i n  1.978 of about  $600 m i l l i o n .  

A d e t a i l e d  estimate o f  the c o s t  of a lOOO-MG3c DMSR based on a mature  

tec.hnology i s  g i v e n  i n  a fo l lowing  sect i -on.  Fl-oixl t1ij.s we have e s t ima ted  

t h e  c o s t  of  a f i r s t  s t anda rd ized  DMSR by app.1-ying .g f a c t o r  of  1 .5  t o  al-  

low fop. i n c r e a s e d  f i r s t -o f - a -k ind  costs and the c o s t  of  a l e a d  commercial 

p ro to type  b y  app ly ing  ano the r  f a c t o r  o f  1 .5  t o  a l l o w  f o r  i n c r e a s e d  p ro to -  

t y p e  c o s t s .  Using t h i s  procedure ,  t h e  cos t  o f  a 1OOO-MJe p ro to type  DMSR 

i s  e s t i m a t e d  t o  be  $1470 milli.on and the f i r s t  s t a n d a r d i z e d  DMSR $980 

m i l l i o n  

The p ro to type  DY4SR need n o t  be  as l a r g e  as 1000 M W e ;  t h e  c o s t  could  

be  reduced some, €or exanipJ.e, by b u i l d i n g  a 500-M3Je p ro to type  with two 

steam-"generator 1.00~s r a t h e r  than  four .  

Es t imat ing  t h e  probable  c o s t  of experiuicntal. and p r o t o t y p e  r e a c t o r s  

i n  advance of d e s i g n  i s  exceed ing ly  d i f f i c u l t .  The c o s t  estimates pre- 

s en ted  were made by a s t a f f  tibat has  had experlence i n  t h e  d e s i g n  and op- 

e r a t i o n  of expe r imen ta l  r e a c t o r s ,  p a r t i c u l a r l y  t h e  MSRF:. The MSRE w a s  

c o n s t r u c t e d  and. ope ra t ed  w i t h i n  budget  , whi.t:h i s  an i n d i c a t i o n  t h a t  t h e  

technology i s  r e a s o n a h l y  ~ ~ 1 1  understood and t h a t  c o s t  e s t i m a t e s  f o r  fu- 

t u r e  reactors a r e  probably  r e a l i s t i c  , i f  no t  a b s o l u t e l y  a c c u r a t e .  Con- 

v e r s e l y ,  t h e  proposed r e a c t o r s  are  a l a r g e  s t e p  up i n  s c a l e  from t h e  MSRE 

and WQdd be s u b j e c t  t o  t h e  v a g a r i e s  of t h e  l i c e n s i n g  process  f o r  a new 

r e a c t o r  type.  These f a c t o r s  i n t r o d u c e  u n c e r t a i n t t e s  itit:(> the  c o s t  es t i -  

mates which are  beyond e v a l u a t i o n  at t h e  p r e s e n t  t i m e .  

5.3 Economic Performance of Commercial DMSR 

The p r o j e c t e d  c o s t  of p o m r  from a commercial DMSR can  be e s t i m a t e d  

o n l y  approximate ly  because t h e  DMSR i s  i n  t h e  conceptual  s t a g e  and n o t  

even a d e t a i l e d  concep tua l  d e s i g n  has been prepared.  However, by  t ak ing  

advantage  of t he  s i m i l a r i t y  of t h e  DMSR t o  t h e  MSRR ( f o r  which a d e t a i l e d  

c o n c c p t u a l  d e s i g n  and c o s t  estimate have been preparctd) and by c a r e f u l l y  

comparing the DNSR v i t h  LWR and c o a l  f i r e d  power p l a n t s  (which would have 
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some components i n  common w i t h  o r  similar t o  those  of a DMSR), a reason-  

a b l e  c o s t  estimate can b e  made, 

A cost: estimate w a s  p repared  € o r  t h e  MSBR i n  1970 and a p p e a r s  i n  

Ref. 8. These c o s t s  were t a k e n  ( f o r  most a c c o u n t s )  as t h e  b a s i s  f o r  t h e  

DMSR estimate u s i n g  t h e  fo l lowing  method. 

1. The c o s t s  w e r e  a d j u s t e d  t o  t a k e  i n t o  account  t h e  d i f f e r e n c e s  i n  

s i z e  o r  o t h e r  requi rements  f o r  t h e  DMSR. For example, t h e  r e a c t o r  ves- 

sel cos t  was i n c r e a s e d  t o  t a k e  i n t o  account  t h e  l a r g e r  s i z e  of  t h e  DMSR 

v e s s e l .  

2. The 1970 c o s t s  were i n c r e a s e d  b y  a m u l t i p l i e r  based on t h e  in- 

crease i n  c o n s t r u c t i o n  materials and l a b o r  c o s t s  from 1970 t o  1978. The 

m u l t i p l i e r  w a s  c a l c u l a t e d  t o  be i n  the range 2.3 t o  2.5; t o  be conserva- 

t i v e ,  t h e  m u l t i p l i e r  2.5 w a s  used. This  r e p r e s e n t s  an annual  rate of in-  

crease of about  12%. 
I n  a d d i t i o n ,  t h e  c o s t s  of a pressur ized-water  r e a c t o r  (PWR), a 

boi l ing-water  r e a c t o r  (RWR), and a c o a l - f i r e d  p l a n t  i n  1978 w e r e  usti- 

mated us ing  t h e  CONCEPT V c o d e . l o 3  

accounts  w e r e  e s t i m a t e d  based on t h e  analogous account  i n  one of t h e  

CONCEPT estimates. For example, the t u r b i n e - g e n e r a t o r  c o s t  was based on 

t h e  c o a l - f i r e d  p l a n t  estimate because t h e  same t y p e  of s u p e r c r i t i c a l  

steam t u r b i n e  would be used. 

Where a p p r o p r i a t e ,  some DMSR c o s t  

In r e p o r t i n g  t h e  r e s u l t s ,  the c o s t  estimates f o r  t h e  PWK and ( i n  

t h e  appendix)  t h e  c o a l - f i r e d  p l a n t  are g i v e n  f o r  comparison. 

of t h e  BWR were n o t  s u b s t a n t i a l l y  d i E f e r e n t  from t h e  PWR.) 

(The c o s t s  

The r e s u l t s  of t h e  estimates f o r  c a p i t a l ,  n o n f u e l  o p e r a t i o n  and 

maintenance,  and decommissioning c o s t s  are p r e s e n t e d  i n  t h e  n e x t  t h r e e  

s e c t i o n s .  The f u e l  c y c l e  c o s t s  were c a l c u l a t e d  independent ly  and are 

p r e s e n t e d  i n  a f o u r t h  s e c t i o n .  

5.3.1 C a p i t a l  c o s t s  

The b a s e s  f o r  t h e  c a p i t a l  c o s t  estimates are g i v e n  i n  Table  31. 

Some minor a d j u s t m e n t s  i n  the code of a c c o u n t s  used i n  t h e  1970 MSBR c o s t  

estimate were r e q u i r e d  t o  conform t o  t h e  p r e s e n t  code of  accounts .  
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Table  31. Bases f o r  c a p i t a l  o r  investment  c o s t  estimates 

.. . . -I__ 

Bases Ex c. lud  ed cos t s 

P l a n t  s i t e ,  Middletown 

Code of a c c o u n t s ,  NIJS-531 

( N e w  England a r e a )  

and NUREG-0241, -0242,  -0243 
( d i r e c t  and i n d i r e c t  a c c o u n t s )  

Cost d a t e ,  1978.0 

Regula t ion  codes and startdards 
1976 

Evapora t ive  c o o l i n g  

Commercial p l a n t  s i z e  (optimum), 

Cash f low,  1978 t o  commercial 

1000 MlJe 

o p e r a t i o n  i n  1988 

Capital .  c o s t s  i n  1978 
do 11 a r  s /  kWe 

Development c o s t s  and f i r s t - o f - a -  

Swi t chyard  ( i n c l u d i n g  m a i n  

k ind  

t r a n s  f o me r ) 

Nuclear l i a b i l i t y  i n s u r a n c e  

I n t e r e s  t d u r i n g  c o a s t  ruc  t i o  11 

E s  c a1 a t i o  n d u r  ing  c 011s t r IIC t i o n  

Contingency a l lowance  

Qwners c o s t s  i n c l u d i n g  expenses  
f o r  t a x e s  and p r o p e r t y  i n s u r a n c e ,  
s p a r e  p a r t s  s t a f f  t r a i n i n g  

s e l e c t i o n ,  and other owner-related 
expenses  

chemical  p r o c e s s i n g  system 

General and a d m i n i s t r a t i v e ,  s i t e  

S a l t  arid f u e l  i n v e n t o r y ,  i n c l u d i n g  

The c a p i t a l  c o s t s  e s t i m a t e d  f o r  t h e  DHSR and t h e  PWR by  major (two- 

d i g i t )  a c c o u n t s  are g i v e n  i n  Table  32. A f u r t h e r  breakdown ( f o r  t h r e e -  

d i g i t  a c c o u n t s ) ,  which a l s o  i n c l u d e s  t h e  estimate f o r  t h e  c o a l - f i r e d  

p l a n t ,  i s  g i v e n  i n  Appendix h (Table  A . 1 ) .  A cumula t ive  c a s h  f l o w  sched- 

u l e  f o r  the IMSW (adapter! t o  t h e  CONCEPT V c a s h  E l o w  s c h e d d e )  i s  a l s o  

g i v e n  i a  Appendix A (Table  A.2), The c a p i t a l  c o s t s  of t h e  f u r l  t r e a t m e n t  

f a c i l i t i e s  are n o t  inc luded  h e r e  b u t  are taken  i n t o  account  i n  t h e  f u e l  

c y c l e  c o s t  ( s e e  Sect. 5.3.4), However, space  and equipment f o r  handl ing  

t h e  c o o l a n t  s a l t  a r e  i i iclnded i n  t l r e  r e a c t o r  p l a n t  estimates. 

The DMSR i s  e s t i m a t e d  t o  c o s t  $653 m i l l i o n ,  o r  about  $Q50/kWe i n  1978 

d o l l a r s .  “his comparps w i t h  about  $QOO/kWe f o r  H PWR p l a n t  and S380/kWe 

f o r  a c o a l  p l a n t  without  f lue-gas  c l e a n i n g .  
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Table  32. C a p i t a l  c o s t  estimate of commercial 
1-GWe DMSR and PWR p l a n t s  

(Expressed i n  m i l l i o n s  of 1978.0 d o l l a r s )  

Account 
No. I t e m  DMSK PWR 

20 
21 
2 2  
2 3  
2 4  
2s 
2 6  

91 
92 
93  

Direct c o s t s  

Land and l a n d  r i g h t s  
S t r u c  t u r  es and i m  pr ovement s 
Reac tor  p l a n t  equipment 
Turb ine  plant equipment 
E l e c t r i c  p l a n t  equipment 
Misce l l aneous  p l a n t  equipment 
Plain condenser  h e a t  r e j e c t i o n  sys tem 

T o t a l  d i r e c t  c o s t s  

I n d i r e c t  c o s t s  

C o n s t r u c t i o n  s e r v i c e s  
Home o f f i c e  eng inee r ing  and s e r v i c e  
F i e l d  o f f i c e  e n g i n e e r i n g  and s e r v i c e  

T o t a l  i n d i r e c t  c o s t s  

T o t a l  p l a n t  c a p i t a l  c o s t  

2 2 
124 119 
180 139 
100 113 

54 4 4 
17 13 
14 2 2  

491 444 

- - 

7 5  70 
53 53 
34 30 

162 153 

6 53 597 

__. I_ 

A d i s c u s s i o n  of some of t h e  impor t an t  assumpt ions  and r e s u l t s  f o r  

t h e  major  accoun t s  fol lows.  

Account 21. S t r u c t u r e s  and improvements. The primary and major  

s t r u c t u r e  i n  t h e  DMSR p l a n t  i s  the r e a c t o r  conta inment  b u i l d i n g .  While 

l a y o u t s  o f  i n t e r n a l  areas would d i f f e r ,  comparable  coscs w i t h  t h e  PWR 

are expec ted .  

of r a d i o a c t i v e l y  contaminated  i t e m s  i n c l u d i n g  p r o v i s i o n s  t o  f a c i l i t a t e  

decommissioning o p e r a t i o n s .  

An a l lowance  has been e n t e r e d  €o r  p l a n t  l i f e t i m e  s t o r a g e  

The o t h e r  s t r u c t u r e s  paral le l  t h e  PWR s t r u c t u r e s  i n  c o s t .  The t u r -  

b i n e  rooms are  c o n s i d e r e d  comparable. A s u p e r c r i t i c a l  steam t u r b i n e  f o r  

t h e  DMSR i s  c o n s i d e r a b l y  smaller than  a PWR t u r b i n e ,  bu t  space w a s  a l lowed 

f o r  extra p ip ing  and equipment t h a t  may be  r e q u i r e d  t o  adap t  t h e  super-  

c r i t i c a l  system t o  a mol t en - sa l t  steam g e n e r a t o r .  

f o r  hand l ing  and s t o r i n g  c o o l a n t  s a l t  f o r  normal o p e r a t i o n s  and f o r  

Space w a s  a l s o  al lowed 
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s t o r i n g  t h e  blowdown iiiaterial t h a t  would r e s u l t  froin a major  s t e a m  l e a k  

i n  t h e  s t e a m  g e n e r a t o r .  

Account 22. Reac to r  p l a n t  equipment. The r e a c t o r  and a s s o c i a t e d  

h e a t - t r a n s f e r  system c o s t s  have been updated from t h e  1970 estimate us ing  

a rnultipl:i.er of 2.5. 

been added f o r  engineered  s a f e t y  f e a t u r e s  (which w e r e  not p r e v i o u s l y  con- 

s i d e r e d )  and f o r  l a r g e r  s a l t  volumes. This amount a l s o  cove r s  e x t e r n a l  

h e a t  d i s s i p a t i o n  equipment: f o r  engineered  s a f e t y  f e a t u r e s .  Rad ioac t ive  

waste handl ing  i n  t h e  DMSK was es t ima ted  t o  c o s t  about  t h e  same as r ad io -  

a c t i v e  waste p rocess ing  f o r  t h e  PIJR. 

About 10% of t h i s  t o t a l  ( a c c o u n t s  2 2 1  and 222) has  

Fuel  handl ing  and s t o r a g e  and mai.ntenance equipment were updated froiu 

t h e  MSBR estimate us ing  tile 2.5 m u l t i p l i e r .  An a l lowance  w a s  made f o r  t h e  

c o n t r o l  f e a t u r e s  necessa ry  f o r  making t h e  p l a n t  o p e r a t e  on the  sa l t - s t eam 

c y c l e .  

Account 23. Turb ine  p l a n t  equipment. This  account  p a r a l l e l s  t h e  

coal. p l a n t  e-ase,  which i ises s u p e r c r i t i c a l  steam-cycle equipment. The 

feed-heat ing account  w a s  i nc reased  50% t o  a l l o w  f o r  o p e r a t i n g  d e s i g n  fea-  

t u r e s  p e c u l i a r  t o  t h e  s a l t - l o o p  app l - i ca t ion .  

Account 2 4 .  E l e c t r i c  p l a n t  equipment. Except f o r  p r o v i s i o n  o f  about  

2 5  MWe of  e l e c t r i c  h e a t i n g  a s s o c i a t e d  w i t h  t h e  s a l t  l o o p s ,  t h i s  account  i s  

s imilar  t o  t h e  PWR case. 

__I...._. Account __I 25. Misce l laneous  l.ll.l.l-... p l a n t  .._ equipment. The a u x i l i a r y  steam sup- 

p l y  c o s t  f o r  t h e  PWR h a s  been inc reased  t o  a d j u s t  t h e  PWR cost: t o  t h e  DMSR 

b a s i s  a 

Account 26. Main condenser  h e a t  r e j e c t i o n  system, Design f o r  t h e  

c o a l  p l a n t  i s  comparable t o  t h e  DMSR; t h e r e f o r e ,  t h e  same c o s t s  have been 

assumed. 

Accounts 91. 92. and 93. I n d i r e c t  c o s t s .  The DMSR c o s t s  are based 

on  PWR c o s t s  a d j u s t e d  upward f o r  t hose  accoun t s  i n  which h i g h e r  l a b o r  re- 

qui rements  are an t i c i -pa t ed .  

5.3.2 Nonfuel o p e r a t i o n  and maintenance c o s t  

Estimates of  nonfue l  o p e r a t i o n  and maintenance (06rM) c o s t s  of 2.82 

mills/kWh a r e  based on  t h e  s i n g l e - u n i t  base-load p l a n t .  The procedure  
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i s  based on the OMCOST c o d e . l o 4  

maintenance materials,  s u p p l i e s  and expenses ,  n u c l e a r  l i a b i l i t y  i n s u r -  

ante, o p e r a t i n g  f e e s ,  and g e n e r a l  a d m i n i s t r a t i v e  a c t i v i t i e s .  Opera t ion  

and maintenance c o s t s  are  p r e s e n t e d  i n  1978 d o l l a r s  and are  d i v i d e d  i n t o  

Eixed (demand r e l a t e d )  and v a r i a b l e  ( e n e r g y - r e l a t e d )  components, 

Annual expenses  a re  d e r i v e d  f o r  s t a f f ,  

* 

S t a f f  r e q u i r e m e n t s  are  g i v e n  i n  Tahle  3 3  f o r  a one-unit  p l a n t .  An- 

n u a l  c o s t s  have been d e r i v e d  from t h e  O&M c o s t  code w i t h  m o d i f i c a t i o n s  t o  

a d j u s t  t h e  maintenance-labor  r a t i o  t o  7 0 : 3 0 .  Estimates were t h a t  a DMSR 

might r e q u i r e  major p l a n t  work a t  ten-year i n t e r v a l s  (over  and above PWR 

r e q u i r e m e n t s ) ,  f o r  which maintenance l a b o r  w a s  i n c r e a s e d  -50%. The 

summary of annual  O&M c o s t s  i s  g i v e n  i n  Table  34 .  

5.3.3 Decommissioning and d i s p o s a l  c o s t  
I 

Costs  f o r  decontaminat ion  and decommissioning of t h e  f a c i l i t i e s  would 

be i n c u r r e d  a t  t h e  end of p l a n t  l i f e .  A n u c l e a r  waste working group com- 

prj-sed o f  DOE, Nuclear  Regula tory  Cominission (NRC) , and Environmental  Pro- 

t e c t i o n  Agency (EPA) o f f i c i a l s  i s  working t o  i d e n t i f y  l e g i s l a t i v e  needs 

on handl ing  n u c l e a r  wastes. P r e f e r e n c e  i s  now g i v e n  f o r  dependence on 

"engineered  and n a t u r a l  b a r r i e r s "  f o r  c o n t r o l  of o n - s i t e  material  a f t e r  

decommissioning wi th  f a l l - b a c k  dependence on i n s t i t u t i o n a l  c o n t r o l s  f o r  

a " f i n i t e  t i m e . "  The group a l s o  o p t s  f o r  d i s m a n t l i n g  a decommissioned 

s i te  a f t e r  a s h o r t  decay p e r i o d ,  r a t h e r  t h a n  e i t h e r  of two o t h e r  o p t i o n s ,  

which a re  entombing and mothbal l ing  n u c l e a r  f a c i l i t i e s .  

The c o s t  o f  d i s m a n t l i n g  a DMSR i s  expected t o  be g r e a t e r  t h a n  f o r  

a n  LWK because t h e  a c t i v i t y  l e v e l  o f  components i n  t h e  primary c i r c u i t  

i s  h igher .  

have been prepared;  a s  a b a s i s  f o r  our  estimates, w e  have s e l e c t e d  a 

r e p r e s e n t a t i v e  r e c e n t  (1978) estimate by t h e  Tennessee Val ley  Author i ty  

(TVA) f o r  t h e i r  Yellow Creek p l a n t  e a r l y  s i t e  review.  

commissioning c o s t  f o r  t h i s  p l a n t  w a s  $78 m i l l i o n  f o r  a BWR. I f  we as- 

sume t h a t  t h e  c o s t  f o r  a DMSR would be about  10% g r e a t e r ,  t h e n  t h e  es t i -  

mated decommissioning c o s t  f o r  a DMSR would be about  $86 m i l l i o n .  A 

A number of estimates of  t h e  decommissioning c o s t  of LWRs 

The e s t i m a t e d  de- 

"This i s  excluded d u r i n g  c o n s t r u c t i o n  per iod  when no f u e l  i s  on  
s i te .  
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Table 3 3 .  S t a f f  requirement  f o r  one 
1-GWe DMSR P O W ~ T  p l a n t  

.. .. .. .- ~ II 

Employee type  Number 

P l a n t  manager 's  o f f  ice 

Manager 
Ass i s  rant 
Q u a l i t y  a s s u r a n c e  
Environmental  c o n t r o l  
P u b l i c  r e l a t i o n s  
T r a i n i n g  
S a f e t y  
Adrninj s t r a t i o n  and s e r v i c e s  
Heal th  s e r v i c e s  
S e c u r i t y  

Sub tot a 1 

Opera t ions  

S u p e r v i s i o n  ( n o n s h i f t )  
S h i f t s  

Subto t a l  

Ma i n  tenanc: t? 

Superv is ion  
C r a f t s  
Peak maintenance,  a n n u a l i z e d  

Sub t o  t a l  

Technical. and e n g i n e e r i n g  

Reac t o r 
Radiochemical 
I n s  t rumen f. a t i o n  and co [I t ro  1. 
Technica l  s u p p o r t  s t a f f  

Sub t o  t a 1 

T o t a l  

L e s s  s e c u r i t y  

Less s e c u r i t y  and peak 
mai-n tenance  

1 
1 
3 
1 
1 
1 
1 

13 
1 

66 

89 
- 

2 
33 

35 

8 
16 
96 

120 
- 

1 
2 
2 

17 

22 

2 66 
200 

104 

- 
__ 
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Table  3 4 .  Summary of annua l  nonfuel. O&M c o s t s  f o r  base-load 
s t e a m - e l e c t r i c  power p l a n t s  i n  1978. Oa 

P l a n t  t y p e  

Number of u n i t s  per- s t a t i o n  

Thermal i n p u t  p e r  u n i t ,  Wt  

P l a n t  n e t  h e a t  r a t e  

P l a n t  n e t  e f f i c i e n c y ,  % 

Power o u t p u t ,  n e t ,  MWe 

Annual n e t  g e n e r a t i o n ,  m i l l i o n  kwh 

P l a n t  f ac t o  r 
Annual c o s t s ,  thousands of do l l . a r s  

S t a f f ,  266 per sons  a t  $23,412 

Maintenance material 
F ixed  
Var i a  b l  e 

S u p p l i e s  and expenses  
F ixed ,  p l a n t  
V a r i a b l e ,  p l a n t  

I n s u r a n c e  and f e e s  
Commercial liability i n s u r a n c e  
Government l i a b i l i t y  i n s u r a n c e  
R e t r o s p e c t i v e  premium 
I n s p e c t i o n  fees and expenses  

A d m i n i s t r a t i v e  and g e n e r a l  
T o t a l  f i x e d  c o s t s  
T o t a l  v a r i a b l e  c o s t s  
T o t a l  annua l  O&M c o s t s  

Unit  c o s t s ,  mil ls /kWh(e)  

Fixed u n i t  OSM c o s t s  
V a r i a b l e  u n i t  O&uM c o s t s  

T o t a l  u n i t  OhM c o s t s  

DMSR wi th  e v a p o r a t i v e  
c o o l i n g  towers  

1 

2270 

7755 

44.00 

1000 

65 70 

0.75 

6228 

6555 
6555 
0 
3317 
3000 
317 
40 8 
284 
18 
6 
100 
2367 
18,500 
31 7 
18,875 

2.75 
0.07 

2.82 

%xcludes  t h e  s a l t  i n v e n t o r y  losses ; assumes n u c l e a r  
i n s u r a n c e  a t  LWR rates. 
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l a r g e  u n c e r t a i n t y  i s  presenl i n  t h i s  estimate, of c o u r s e ,  because of  t h e  

l i m i t e d  exper ience  i n  decommissioning. However, t h e  c o s t  o f  decommission- 

ing does n o t  appea r  t o  be a l a r g e  f r a c t i o n  of t h e  c o s t  o f  t h e  cons t ruc-  

t i o n ,  and t h e  p r e s e n t  worth of e x p e n d i t u r e s  t o  he made i n   he ftiture i s  

smal l .  The p r e s e n t  worth of t h e  e s t i m a t e d  c o s t  of decommissioning a DMSR 

40 y e a r s  a f t e r  s t a r t - u p ,  d i scounted  t o  t h e  s t a r t - u p  d a t ~  a t  a 4,5% d i s -  

count Eac tor ,  would be about $ 1 5  m i l l i o n .  

5.3.4 F u e l  c y c l e  cos ts  

A t  t h i s  s t a g e  of development and o p t i m i z a t i o n  of a once-through DMSR, 

s e v e r a l  assunpt- ions are n e c e s s a r y  i f  a fue l  cyc le  C O S L  i s  t o  be e s t i m a t e d .  

One assumption i s  t h a t  the i n i t i a l  f u e l  charge ~1.11.  c o n s i s t  of 74 

mole % " L i F ,  16.5 mole % BeF2, 8.23 mole % ThF4,  and 1.27 mole % UF, p l u s  

UF3. 

of molten f u e l  i n  t h e  d r a i n  t a n k ,  t h e  i n i t i a l  f u e l  s o l v e n t  w i l l  r e q u i r e  

149 metri.c t o n s  of ThF,, 113 metric t o n s  of L i F ,  and 45.6 metric t o n s  of 

BeF2. 

qui-red; t h i s  i s  e q u i v a l e n t  t o  804 m e t r i c  t o n s  of  U 3 0 8  and would r e q u i r e  

8.05 x 105 SWU f o r  i.ts enrichment.  The p u r i f i e d  fue l  del.i.vered t o  t h e  re- 

a c t o r  s to rage  t a n k  would c o n s i s t  of 331 metric tons  (7.30 x l o 5  l b )  of 

m a t e r i a l .  

I f ,  as saerns r e a s o n a b l e ,  a n  al lowance i s  made f o r  an  a d d i t i o n a l  2 %  

I n  a d d i t i o n ,  23.5 metr ic  t o n s  of UF, e n r i c h e d  t o  20% i n  2 3 %  i s  re -  

T o t a l  c o s t  of t h e  i n i t i a l  f u e l  i s  based on U 3 0 8  a t  $ 3 5 / l b ,  s e p a r a t i v e  

work a t  $SO/SWU, B e F 2  a t  $ 1 5 / l b ,  thorium a t  $ 1 5 / l b  Tho2, and 7LiF a v a i l -  

a b l e  at: $ 3 / g  of conta ined  7 L i ,  An a d d i - t i o n a l  $ 2 / l b  of t e t r a f l u o r i d e  h a s  

been a l l o t t e d  f o r  convers ion  of Th02 t o  ThFh and f o r  convers ion  o f  UF6 t o  

UF4. The f u e l ,  made by mixing t h e  powdered i n g r e d i e n t s ,  must be p u r i f i e d  

i n  t h e  molten s t a t e  b e f o r e  use ( a s  d e s c r i b e d  i n  prev ious  s e c t i o n s ) .  Given 

t h e  component f l u o r i d e s  a t  t h e  pr ices  above,  the assumption i s  t h a t  t h i s  

p u r i f i c a t i o n  can  be perEormed f o r  $ 6 / l b  of f i n i s h e d  product ,  

* 

With t h e s e  assumpt ions ,  t h e  t o t a l  cost: of t h e  i n i t i a l  DMSR f u e l  

charge  i s  n e a r  $225 m i l l i o n  ( s e e  Table 35).  If we assume t h a t  t h e  annual  

% 
T h i s  i s  t h e  o f f i c i a l  price € o r  s m a l l  q u a n t i t i e s  of 99.99' 7 L i  f o r  

use  i n  PWRs. It i s  almastl c e r t a i n l y  t o o  h i g h  ( p r o b a b l y  f i v e - f o l d )  i f  
lilihi.um were a c t u a l l y  used i n  such q u a n t i t i e s .  



Tab le  35. Cost of i n i t f a 1  f u e l  charge f o r  onct?--through 
DMSR (331 metric tons f u e l )  

F u e l  
-lll_̂ l__ll-̂ .llll..- 

F u e l  s o l v e n t  

Mater i a1  s 
7 L i F  (30 .46  metric  tons l i t h i u m  a t  $ 3 1 8 )  
ThF4  ( 1 2 7 . 6 8  metric tons T h O 2  a t  .$ lS / lb)  
ReF2 (45.60 metric t o n s  a t  $15/ lb)  

91.38 x IOb  
4.22  x lo6  
1,51 x l o6  

62.03 x l o6  

64.40 x IOG 

Uranium (803.8 metric t o n s  U308 a t  $ 3 S / l b )  

S e p a r a t i v e  work (8.05 x 10’ SWU a t  $80) 

Conversion and p u r i f i c a t i o n  

Thorium (148.96 metric t o n s  ‘ h F 4  a t  $ 2 / l b )  6 .57 x 10’ 
Uranium (23.50 metric t o n s  UF4 a t  $ 2 / l b )  1.04 x IO5 
Fuel  m i x t u r e  (331.2 metric t o n s  a t  $ 6 / l b )  1.99 x ID6 

T o t a l  c o s t  o f  i n i t i a l  fuel 224.30 x 106 

26.92 x 106 Annual charge (12%)  

use  c h a r g e  i s  12%, t h i s  i n i t i a l  fuel  c o n t r i b u t e s  $26.9 m f l i i o n / y e a r  t o  tlie 

f u e l  c y c l e  cost .  

A once-through DMSR must add uranium a t  more o r  less r e g u l a r  fn te r -  

v a l s  over i t s  o p e r a t i n g  l i f e t i m e .  

s i b l e ,  f o r  t h i s  assessment  we assumed t h a t  t h e  uranium a d d i t i o n s  will be 

made as a l i q u i d  7 t iF -UF4  m i x t u r e  containing 30 mole X UFI, ( m e l t i n g  a t  

about 540°C). Such a d d i t i o n s  would a p p r e c i a b l y  i n c r e a s e  t h e  k i F  c m -  

c e n t r a t i o n  of  t h e  f u e l .  

done by i n  s i t u  r e d u c t i o n  of  UFI, w i t h  metal l ic  b e r y l l i u m ,  The f u e l  s t r e m  

i s  assumed t o  be t r e a t e d  (once i n  each 1000 ful.1-power days)  with an an-  

hydrous HF-Hz m i x t u r e  t o  remove i n a d v e r t e n t  o x i d e  contaminat ion;  t hc re- 

su l t i .ng  o x i d a t i o n  of UF3 i s  managed by a d d i t i o n a l  r e d u c t i o n  w i  t h  b e r y l 1  i m ,  

With t h i s  mode of  o p e r a t i o n ,  BeF2 e q u i v a l e n t  t o  n e a r l y  6% of that i n  the 

o r i g i n a l  f u e l  c h a r g e  would be added over  t h e  r e a c t o r  l i f e t i m e ,  SucL ad- 

Though o t h e r  modes of a d d i t i o n  a r e  pos- 

Adjustment of t h e  UF3/UF4 r a t i o  i s  assumed t o  be 

d i t i o n s  of  7 L i F  and BeF2 d i l u t e  t h e  f u e l  and a p p r e c i a b l y  i n c r e a s e  i t s  

volume so t h a t  an  i n c r e a s i n g  ( though r e l - a t i v e l y  small) F r a c t i o n  of the 
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f u e l  would remain i n  the r e a c t o r  d r a i n  tank .  'ke d i s s o l v e d  p a r a s i t i c  

neut ron  a b s o r b e r s ,  o f  c o u r s e ,  would a l s o  be d i l u t e d ,  A t  t h i s  s t a g e  of 

DNSR development,  no d e t a i l e d  o p t i m i z a t i o n  f o r  such fue l  d i l u t i o n  has 

been made. For t h i s  assessment ,  we assumed t h a t ,  as a consequence of 

t h i s  d i l u t i o n  e f f e c t  by f u e l  maintenance,  the  uranium a d d i t i o n s  shown i n  

Table 1 7  p l u s  uranium ( a t  20% enrichment)  and thorium equivalents t o  3% 

of  t h e  i n i t i a l  i n v e n t o r y  would be r e q u i r e d  over  t h e  30-year o p e r a t i n g  

l i f e  o f  t h e  r e a c t o r .  Thorium l.s assumed to be added as a molten m i x t u r e  

of 7J.,IF-ThF~ c o n t a i n i n g  2 8  mole % ThF4 ( m e l t i n g  p o i n t  of  5 7 0 O C ) .  

Table 36 shows t h e  average annual  c o s t  of t h e s e  a d d i t i o n s  and f u e l  

maintenance. Costs  o f  ThF4, UF4, L i F ,  and s e p a r a t i v e  work are t h o s e  de- 

s c r i b e d  previous ly .  Metallic b e r y l l i u m  i s  assumed t o  c o s t  $75/ lb .  Cost 

of prepar ing  t h e  7T,iF-ThFt+ and 7TdiF-UF~ m i x t u r e s  was assumed t o  be $20/l.b 

( p l u s  t h e  c o s t  of t h e  s o l i d  raw m a t e r i a l s ) .  

T a b l e  36. Average aiinual c o s t  of 
f u e l  addi . t ions and maintenance 

-_I 

cos t  
( d o l l a r s )  

Mater i d s  

7L%F (62.4 kg L i '  a t  $3.OO/g) 
B e o  (16.2 kg a t  $75/ lb)  
ThF4 (0.149 metric t o n s  a t  $ 1 5 / l b  ThOz) 
UF4 (34.83 metric t o n s  u308 a t  $35/ lb)  

S e p a r a t i v e  work (3.48 x l o4  SWU a t  $80) 

Conversion and p u r i f i c a t i o n  

Thorium (0.149 met r ic  t o n s  ThF4 a t  $ 2 / l b )  
Uranium (1.03 metric t o n s  UF4 a t  $ 2 / l b )  
7LiF-ThF,+ (0.181 metr ic  t o n s  a t  $ 2 0 / l b )  
7 L i F - U F ~  (1.2209 metric t o n s  a t  $ 2 0 / l b )  

HF-H2 t r e a t m e n t  of f u e l  

Fixed c h a r g e s  on equipment ( a t  10%) 
Annual o p e r a t i n g  c o s t  

T o t a l  average  annual  cost: 

1.87 x 10' 
2.7 x 103 

x 103 

2.784 x 106 

2.689 x lo6 

7 x 102 
4.5 x 103 
8.0 x 103 

5.42 x 104 

1.5 x 10' 
5.0 x 105 

7.73 x 106 
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There are  no d e t a i l e d  estimates of t h e  c a p i t a l  o r  o p e r a t i n g  c o s t s  of 

t h e  equipment f o r  W-Hz t r e a t m e n t  t o  remove 0'- from t h e  small b a t c h e s  o f  
6 f u e l .  For t h i s  assessment ,  we assumed t h a t  t h e  c a p i t a l  c o s t  i s  $ 1 5  x 10 

and t h a t  i t s  o p e r a t i o n  c o s t s  $500,00O/year. 

hs a consequence of t h e  assumptions and t h e  estimates d e s c r i b e d ,  t h e  

c o s t  of producing 6.57 x l o 9  kWh/year ( o p e r a t i o n  a t  75% p l a n t  f a c t o r )  ap- 

p a r e n t l y  a v e r a g e s  $34,650,000, and t h e  r e s u l t i n g  f u e l  c y c l e  c o s t  i s  about  

5.3 mills/kWh, 

Note t h a t ,  i f  t h e  p r i c e  of 7Li w e r e  lowered by f i v e - f o l d  [ t o  $0 ,6O/g  

($272/1b)] ,  t h e  r e s u l t i n g  f u e l  c y c l e  c o s t  f o r  t h e  once-through DMSR would 

f a l l  t o  s l i g h t l y  below 4 mills/kW'n. 

5.3.5 N e t  nower c o s t  

Because t h e  r e t u r n  on t h e  p l a n t  c a p i t a l  investment  would b e  a sub- 

s t a n t i a l  f a c t o r  i n  t h e  n e t  c o s t  of power from a DMSR and because a number 

of  terms t h a t  would be impor tan t  i n  a commercial p l a n t  w e r e  omi t ted  i n  de- 

ve loping  t h e  c a p i t a l  c o s t  estimate, p r o j e c t i n g  a p o t e n t i a l  n e t  c o s t  f o r  

DMSK power i s  n o t  a p p r o p r i a t e .  S u b s t a n t i a l l y  more d e s i g n  and development 

would be r e q u i r e d  t o  s u p p o r t  a r e a s o n a b l y  r e l i a b l e  estimate. However, t h e  

p r e v i o u s  d i s c u s s i o n s  suggest t h a t  t h e  c o s t  of power from a DMSR would n o t  

be g r e a t l y  d i f f e r e n t  t h a n  t h a t  from o t h e r  n u c l e a r  sys tems.  

5.4 L i c e n s i n g  

Although two e x p e r i m e n t a l  MSRs have been b u i l t  and o p e r a t e d  i n  t h e  

United States  under  government ownership,  none h a s  e v e r  been s u b j e c t e d  t o  

formal  l i c e n s i n g  o r  even d e t a i l e d  rev iew by t h e  NRC. A s  a consequence, 

t h e  q u e s t i o n  of l i c e n s a b i l i t y  of MSRs remains open; t h e  NRC h a s  n o t  y e t  

i d e n t i f i e d  t h e  major  l i c e n s i n g  i s s u e s  and t h e  concept  h a s  n o t  been con- 

s i d e r e d  by v a r i o u s  p u b l i c  i n t e r e s t  o r g a n i z a t i o n s  t h a t  are  o f t e n  involved 

i n  n u c l e a r  p l a n t  l i c e n s i n g  procedures .  F u r t h e r ,  t h e  l i c e n s i n g  e x p e r i e n c e  

of s o l i d - f u e l e d  r e a c t o r s  can  b e  used as o n l y  a g e n e r a l  g u i d e  because of 

s i g n i f i c a n t  fundamental  d i f f e r e n c e s  between t h o s e  sys tems and MSRs, Pre- 

sumably, MSRs would be r e q u i r e d  t o  comply w i t h  t h e  i n t e n t ,  r a t h e r  t h a n  
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the l e t t e r  of NKC r equ i r emen t s ,  pat t ic .dax-l .y  where incthods of c o m p l h n e e  

a r e  concep t - spec i f i c .  

Any s p e c i a l  i s s u e s  t h a t  might a r i se  Erom p u b l i c  c o n s i d e r a t i o n  of  an 

MSR l i c e n s e  probably  would be c l o s e l y  a s s o c i a t e d  w i t h  those  f e a t u r e s  o f  

t h e  r e a c t o r  concept  that  a f f e c t  i t s  s a f e t y  and enviroriiiier~.tal a t t r i b u t e s .  

A ntsrnber of these Eeatuures and a t t r i b u t e s  have been ide rn t i f i ed  i n  ear l ier  

s e c t i o n s .  One major d i f f e r e n c e  between more conven t iona l  r e a c t o r s  and 

MSRs i s  i n  t h e  confinement  of r a d i o a c t i v e  f u e l  and f i s s i o n  products .  The 

b a r r i e r s  t o  f i - ss ion-product  release i n  LWRs are (1) t h e  fuel  element  c lad-  

d i n g ,  ( 2 )  t h e  r e a c t o r  c o o l a n t  p r e s s u r e  boundary (RCPB) ( i . e . ,  the primary- 

1.00~ v e s s e l s ,  components and p ip i -ng)  and ( 3 )  the r e a c t o r  containment .  

Th i s  arrangement  r e l i e s  heav i - ly  on t h e  ECCS t o  p reven t  c l add ing  f a i l u r e  

i n  t h e  even t  of c o o l a n t  l o s s  by f a i l u r e  of t h e  RCPR. Without adequate  

ECCS performance,  a f a i l u r e  of  t h e  RCPR conce ivably  could  l e a v e  t h e  f l s -  

s i o n  p roduc t s  w i t h  on ly  one level. of confinement  i n t a c t .  

* 

A d i f f e r e n t  s i t u a t i o n  would p r e v a i l  i n  an  MSR because the fissi .on- 

product  confinement  b a r r i e r s  are d i f f e r e n t .  The re levant .  b a r r i e r s  i n  an  

MSR are  (1) t h e  RCPB, ( 2 )  t h e  s e a l e d  r e a c t o r  c e l . 1 ~  o r  pr imary conta inment ,  

and ( 3 )  t h e  r e a c t o r  containrmenl: bui ldi .ng o r  secondary conta inment .  Be- 

c ause  t h e  f u e l  i s  a. c i r c u l a t i n g  l i q u i d  t-tiat i s  a l s o  the pr imary cool.aatr, 

t h e r e  i s  no t h i n  f u e l  c l a d  t h a t  could  f a i l  q u i c k l y  on l o s s  of coo l ing  o r  

i n  a r e a c t o r  power/temperacure t r a n s i e n t .  Thus, a n  e n t i r e  class of  po- 

t e n t i a l  a c c i d e n t s  c o u l d  be el- iminated from the l i c e n s i n g  c o n s i d e r a t  ion. 

F a i l u r e  of the  RCPR i n  an MSR would cause no shor t - te rm t h r e a t  t o  e i t h e r  

of t h e  remaining two b a r r i e r s  t o  f i s s ion -p roduc t  release. The u l t i m a t e  

requi rements  f o r  longer- term p r o t e c t i o n  of t h e  f i s s ion -p roduc t  b a r r i e r s  

cannot  be de f ined  wi thou t  e x t e n s i v e  system d e s i g n  and s a f e t y  a n a l y s i s ,  

bu t  p re l imina ry  c o n s i d e r a t i o n s  sugges t  t h a t  t h e  requi rements  may no t  be 

ex tens ive .  

Bl though r ad i .oac t ive  materials would have t h r e e  1evel.s of conf ine-  

ment duri.ng normal o p e r a t i o n ,  a d i f f e r e n t  c o n d i t i o n  could  ex i s t  d u r i n g  

ma:i.ntenance o p e r a t i o n s  t h a t  required openi.ng o f  t h e  pr imary  containment  

___I_ 

-A 
F a i l u r e  of t h e  RCPR i s  one of t h e  mechanisms f o r  i n i t i a t i n g  a loss -  

of -coolan t  a c c i d e n t  (LOCA).  
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p a r t i c u l a r l y  i f  such  ac t iv i t i e s  w e r e  undertaken a f t e r  an RCPB f a i l u r e .  

However, i n  a shutdown s i t u a t i o n ,  s u b s t a n t i a l  confinement can  b e  achieved  

through a c c e s s  l i m i t a t i o n  and c o n t r o l l e d  v e n t i l a t i o n  because ,  as shown 

by MSK'FJ e x p e r i e n c e ,  f i s s i o n  p r o d u c t s  are n o t  r e a d i l y  r e l e a s e d  and d i s -  

persed  from s t a g n a n t  s a l t .  Tn~is, whether  f i s s i o n - p r o d u c t  confinement 

would be a n e t  f a v o r a b l e  o r  u n f a v o r a b l e  f a c t o r  f o r  a DMSR i n  a l i c e n s i n g  

proceeding i s  n o t  clear a t  t h i s  t i m e .  

A t  t h e  end of r e a c t o r  l i f e ,  a DMSR wi thout  f u e l  p r o c e s s i n g  would 

c o n t a i n  t h e  e n t i r e  f i s s i o n - p r o d u c t  i n v e n t o r y  a s s o c i a t e d  w i t h  t h e  30-year 

o p e r a t i n g  h i s t o r y  of t h e  p l a n t .  Some of t h e  v o l a t i l e  n u c l i d e s ,  e s p e c i a l l y  

B 5 K r  and 3H, wordd have been accumulated i n  s t o r a g e  c o n t a i n e r s  o u t s i d e  t h e  

p r i m a r y  c i r c u i t ,  and t h e  noble  metals would have p l a t e d  o u t  on s u r f a c e s  i n  

t h e  pr imary c i r c u i t .  The i n v e n t o r i e s  of t h e s e  nuc l i -des ,  which would n o t  

be s t r o n g l y  a f f e c t e d  by n u c l e a r  burnup, wou1.d be about  t h e  same as t h o s e  

produced i n  a s o l i d - f u e l  r e a c t o r  w i t h  t h e  same thermal  power l eve l  and 

d u t y  f a c t o r .  However, because t h e  DMSR would g e n e r a t e  o n l y  about  two- 

t h i r d s  a s  much thermal  power as  a n  LWR f o r  t h e  same e lec t r ica l  o u t p u t ,  

i t  would produce a c o r r e s p o n d i n g l y  smaller i n v e n t o r y  of f i s s i o n  products .  

Most of t h e  o t h e r  f i s s i o n  products  and a l l  t h e  t ransuranium n u c l i d e s  

would remain w i t h  t h e  f u e l  s a l t  i n  a DMSR. The i n v e n t o r i e s  of t h e s e  mate- 

r ia ls  would b e  f u r t h e r  reduced by n u c l e a r  burnup r e s u l t i n g  from exposure 

o f  t h e  n u c l i d e s  t o  t h e  n e u t r o n  f l u x  i n  t h e  r e a c t o r  core .  T h i s  e f f e c t  

would be p a r t i c u l a r l y  impor tan t  f o r  t h e  h igh-cross-sec t ion  n u c l i d e s  such 

as the major plutonium i s o t o p e s .  Consequent ly ,  t h e  n e t  product ion  of plu- 

tonium would be much smaller f o r  a DMSR t h a n  f o r  a comparable s o l i d - f u e l  

r e a c t o r ,  b u t  t h e  product ion  of h i g h e r  a c t i n i d e s  would b e  much g r e a t e r  be- 

c a u s e  of t h e  long e f f e c t i v e  f u e l  exposure t i m e .  

Although a DMSR would produce a much smaller t o t a l  i n v e n t o r y  of some 

impor tan t  n u c l i d e s  o v e r  i t s  l i f e t i m e  t h a n  a n  LWR, t h e  a c t u a l  i n - p l a n t  in-  

v e n t o r y  could  be s u b s t a n t i a l l y  h i g h e r  f o r  t h e  DMSR because t h e r e  would be 

no p e r i o d i c  removal d u r i n g  r e f u e l i n g  o p e r a t i o n s .  (There would a l s o  b e  no 
major shipments  of  h i g h l y  r a d i o a c t i v e  s p e n t  f u e l  from t h e  p l a n t  d u r i n g  

i t s  l i f e t i m e  and no out -of - reac tor  s t o r a g e  of s u c h  m a t e r i a l s  u n t i l  a f t e r  

t h e  f i n a l  shutdown.) Thus, i f  a major release of i n - p l a n t  r a d i o n u c l i d e s  

could o c c u r ,  t h e  consequence might b e  more s e r i o u s  in a DMSR t h a n  i n  an  
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INR. Tiowever, c o n s i d e r i n g  the  mechanisms and p r o b a b i l i t i e s  f o r  release 

e v e n t s ,  along wi th  the consequences would be  twcessary  i n  a s s e s s i n g  any 

e f f e c t  on system 1 i c e n s a b i l i t y .  

Before any MSR i s  l i c e n s e d ,  we probably will need t o  d e f i n e  a com- 

p l e t e  new spectrum of p o t e n t i a l  t r a n s i e n t s  and a c c i d e n t s  and t h e i r  a p p l i -  

c a b l e  i n i t i a t i n g  e v e n t s  t h a t  are t o  be t r e a t e d  i n  s a f e t y  a n a l y s i s  r e p o r t s .  

Some of t h e  more impor tan t  s a f e t y - s i g n i f i c a n t  e v e n t s  f o r  an  MSR w, ere  men- 

t i oned  e a r l i e r ,  b u t  even r o u t i n e  o p e r a t i o n a l  e v e n t s  may have i t  d i f f e r e n t  

o r d e r  of  importance f o r  t h i s  r e a c t o r  concept .  For example, moderate  re- 

a c t o r  power d i s t u r b a n c e s  would no t  be v e r y  impor tan t  because one of the 

p r i n c i p a l  consequences,  f u e l  c l add ing  f a i l u r e ,  i s  a nonevent  i n  an  MSR. 

Conversely,  a small l e a k  o f  r e a c t o r  c o o l a n t  would be  an impor tan t  even t  

because o f  the h i g h  l e v e l  of r a d i o a c t i v i t y  i n  the MSR c o o l a n t .  

The above examples of s i g n i f i c a n t  d i f  f e r e n c e s  between MSRs and o t h e r  

l i c e n s e d  r e a c t o r s  i l l u s t r a t e  why a s u b s t a n t i a l  d e s i g n  and a n a l y s i s  e f -  

f o r t  would be r e q u i r e d  - f i r s t  t o  e s t a b l i s h  l i c e n s i n g  c r i t e r i a  f o r  NSKs 

i n  g e n e r a l  and a DMSK i n  p a r t i c u l a r  and second t o  e v a l u a t e  MSR l i e e n s -  

a b i l i t y  i n  r e l a t i o n  t o  t h a t  of o t h e r  r e a c t o r  t ypes .  This requ i r emen t ,  

w i t h  no a p r i o r i  a s s u r a n c e  t h a t  an MSR could  be  l i c e n s e d ,  makes i t  un- 

l i k e l y  t h a t  p r i v a t e  o r g a n i z a t i o n s  i n  t h e  United S t a t e s  would under take  

t h e  dcvelopment and commerc ia l iza t ion  of MSRs. I n s t e a d ,  i f  such  develop- 

ment were pursued s government frinding probably  would be  r e q u i r e d ,  a t  

least  rmtil t h e  l i c e n s i n g  i s s u e s  could  be  r e so lved  and near-commercial 

u n i t s  could  be  c o n s t r u c t e d .  
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6. SUMMARY AND CONCLUSIONS 

The technology o f  MSRs w a s  under development w i t h  U. S .  government 

funding  from 1947 t o  1976 w i t h  a nominal one-year i n t e r r u p t i o n  from 1973  
t o  1974. Although no s i g n i f i c a n t  e f f o r t  t o  commercial ize  MSRs w a s  in- 

vo lved  i n  t h i s  work, a very  p r e l i m i n a r y  c o n c e p t u a l  d e s i g n  was g e n e r a t e d  

f o r  a 1000-MWe MSBR, and some a l t e r n a t e  f u e l  c y c l e s  were examined. The 

c u r r e n t  s t u d y  of dena tu red  MSRs w a s  suppor t ed  by t h e  program (PJASAP) t o  

i d e n t i f y ,  c h a r a c t e r i z e ,  and assess p r o l i f e r a t i o n - r e s i s t a n t  a l t e r n a t i v e s  

t o  c u r r e n t l y  p r o j e c t e d  n u c l e a r  power sys tems.  

I n  p r i n c i p a l ,  MSRs could  be ope ra t ed  w i t h  a number of f u e l  c y c l e s  

r ang ing  from plutonium-Eueled p roduc t ion  of dena tu red  233U, t o  break-even 

b reed ing  w i t h  Th-233U f u e f ,  t o  high-performance conve r s ion  of thorium t o  

2 3 3 U  w i t h  dena tu red  235U makeup f u e l .  The last of t h e s e  c y c l e s  c u r r e n t l y  

a p p e a r s  t o  be  t h e  most a t t r a c t i v e  and i s  the one chosen f o r  c h a r a c t e r i z a -  

t i o n  i n  t h i s  s tudy .  

dena tu red  2 3 s U ;  o p e r a t i o n  f o r  30 y e a r s  ( a t  75% c a p a c i t y  f a c t o r )  w i t h  'j5U 

makeup, no f u e l  d i s c h a r g e ,  and no chemica l  treatment f o r  f i s s i o n - p r o d u c t  

removal; and end-o f - l i f e  s t o r a g d d i s p o s a l  of t h e  s p e n t  f u e l .  The r e s o u r c e  

u t i l i z a t i o n  of t h i s  c y c l e  cou ld  be  s i g n i f i c a n t l y  enhanced by end-o f - l i f e  

r ecove ry  of  t h e  dena tu red  uranium i n  t h e  fuel salt v i a  f l u o r i n a t i o n .  

The f u e l  c y c l e  would invo lve  an i n i t i a l  l o a d i n g  of 

6.1 Reference-Concept DMSR 

The d i f f e r e n c e s  between a DMSR and t h e  concep tua l  d e s i g n  MSBR in-  

vo lve  p r i m a r i l y  t h e  r e a c t o r  c o r e  and t h e  f u e l  c y c l e .  Thus, t h e  rest of 

t h e  pr imary  c i r c u i t  (e.g. ,  pumps and h e a t  exchangers )  and t h e  ba l ance  

of t h e  p l a n t  would be v e r y  similar f o r  bo th  c o n c e p t s ,  and t h e  d e s c r i p -  

t i o n s  developed f o r  t h e  MSBR are presumed t o  be a p p l i c a b l e  t o  t h e  DMSR. 

Minor v a r i a t i o n s  t h a t  might  be a s s o c i a t e d  w i t h  d e s i g n  o p t i m i z a t i o n  are 

n o t  cons ide red .  

The r e a c t o r  v e s s e l  f o r  t h e  DMSR, about  10 m i n  d i ame te r  and 10 m 

h i g h ,  would b e  s u b s t a n t i a l l y  l a r g e r  t han  t h a t  f o r  t h e  high-performance 

b reede r .  Th i s  would permi t  t h e  low power d e n s i t y  r e q u i r e d  t o  a l l o w  a 

30-year l i f e  expec tancy  f o r  the r e a c t o r  g r a p h i t e  and would a l s o  reduce  
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n e u t r o n i c  l o s s e s  t o  2 3 3 ~ a .  

c lude  reduced poi.soning e f f e c t s  from in-core f i s s i o n  p roduc t s  and an i.n- 

c r eased  f i s s i l e  i nven to ry .  

Other e f f e c t s  of t h e  low power d e n s i t y  in-  

The r e a c t o r  c o r e  would c o n s i s t  of a c e n t r a l  reg ion  eontainj.-[ig 20 

vol  4 fuel. s a l t  and a l a r g e r  sur rounding  zone c o n t a i n i n g  1 3  v o l  X s a l t .  

Neutron modera t ion  would be provided by . v e r t i c a l  c y l i n d r i c a l  unclad graph- 

i t e  " logs  ," wi th  f u e l  s a l t  f lowing upward through c e n t r a l  passages  and 

between t h e  modera tor  el.eoients. The core would be'sur-ounded f i rs t  by 
s a l t  plek~uins and expansion spaces  and t h e n  by a g r a p h i t e  r e f l e c t o r  and 

t h e  r e a c t o r  v e s s e l .  

TJith t h i s  c o r e  d e s i g n ,  a l--GWle p l a n t  would r e q u i r e  an  i n i t i a l  fi-s- 

s i l e  load ing  of 3450 kg 235U a t  20% enrichment  ( e x t r a c t a b l e  from about  

8 7 0  s h o r t  tons of U 3 0 8 ) .  

iilakeup requi rement  would be about  4470 kg of 20% enr i ched  2 3 5 U  (from 1125 

s h o r t  t o n s  of U 3 0 8 )  f o r  a l i f e t i m e  U 3 0 8  demand of 2000 s h o r t  tons .  

e v e r ,  a t  t h e  end of p l a n t  l i f e ,  t h e  f u e l  s a l t  would c o n t a i n  dena tured  f i s -  

s i l e  uranium ( 2 3 3 U  and 2 3 5 U )  e q u i v a l e n t  t o  a t  least  800 s h o r t  t o n s  of 

n a t u r a l  U 3 0 8 .  

and r e e n r i c h e d ,  i t  would s u b s t a n t i a l l y  r educe  t h e  n e t  f u e l  requi rement  of 

t h e  DMSR. 

Over 30 y e a r s  a t  75% c a p a c i t y  f a c t o r ,  t h e  fuel. 

Wow- 

I f  t h i s  material  could be  recovered  (e .g . ,  by f l u o r i n a t i o n )  

PreI.i.minary c a l c u l a t i o n s  of t h e  k i n e t i c  and dynamic character is t ics  

of  the DMSR system i n d i c a t e  t h a t  i t  would exhibi t :  h i g h  l e v e l s  o f  c o n t r o l -  

l a b i l i t y  and s a f e t y .  'Ihe system would a l s o  posses s  i n h e r e n t  dynamic sta- 

b i l i t y  and would r e q u i r e  o n l y  modest amounts o f  r e a c t i v i t y  c o n t r o l  capa- 

h i 1  i t y .  

A f i r s t - r o u n d  a n a l y s i s  of t h e  thermal -hydraul ic  c h a r a c t e r i s t i c s  of 

t h e  DMSK c o r e  concep tua l  d e s i g n  i n d i c a t e d  t h a t  the c y l i n d r i c a l  moderator  

e lements  would be a d e q u a t e l y  cooled  by t h e  f lowing f u e l  s a l t  and t h a t  

r easonab le  s a l t  tempera ture  d i s t r i b u t i o n s  could  be achieved  w i t h  some 

o r i f i c i n g  o f  the f u e l  f l o w  passages.  While some u n c e r t a i n t i e s  about  t h e  

detai.l.ed f low behav io r  i n  the  s a l t - g r a p h i t e  system remain which would 

have t o  be r e so lved  by developmental  t e s t i n g ,  t h e  r e s u l t s  would n o t  be  

expected t o  a f f e c t  the fundamental  f e a s i b i l i t y  of th.e concept .  

The p r i m a r y  f u e l  s a l t  would be a molten mix tu re  of L i p  and BeP2 con- 

t a i n i n g  ThF,+, dena tured  UF,, and some PuF3. Lithium h i g h l y  en r i ched  i n  
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* 
t h e  7Li  i s o t o p e  0 9 9 . 9 9 % )  would be r e q u i r e d ,  and t h e  mixture  would gradu- 

a l l y  b u i l d  up a s i g n i f i c a n t  i n v e n t o r y  of  f i s s i o n - p r o d u c t  and h igher -  

a c t i n i d e  f l u o r i d e s .  This m i x t u r e  would have adequate  n e u t r o n i c ,  p h y s i c a l  $ 

thermal -hydraul ic ,  and chemical  c h a r a c t e r i s t i c s  t o  f u n c t i o n  f o r  30 y e a r s  

a s  a fuel and pr imary r e a c t o r  c o o l a n t .  Rout ine maintenance o f  t h e  s a l t  
3+ would b e  r e q u i r e d  t o  keep some of t h e  uranium i n  t h e  p a r t l y  reduced IJ 

s t a t e  f o r  t h e  p r e f e r r e d  chemical  behavior .  

Although s e v e r e  contaminat ion  of t h e  s a l t  w i t h  oxide  i o n  could  l e a d  

t o  p r e c i p i t a t i o n  of plutonium and uranium o x i d e s ,  t h e  s o l u b i l i t y  o€ t h e s e  

o x i d e s  i s  h i g h  enough t h a t  an i n c r e a s e  i n  oxide  ton  c o n c e n t r a t i o n  probably 

could  be d e t e c t e d  and s topped b e f o r e  such p r e c i p i t a t i o n  occurred .  I n  ad- 

d i t i o n ,  c leanup of t h e  s a l t  on a r o u t i n e  b a s i s  t o  m a i n t a i n  r h e  r e q u i r e d  

l o w  o x i d e  c o n c e n t r a t i o n  would be r e l a t i v e l y  easy .  The f u e l  s a l t  i s  a l s o  

h i g h l y  compat ib le ,  b o t h  c h e m i c a l l y  and p h y s i c a l l y ,  w i t h  t h e  proposed 

s t r u c t u r a l  a l l o y ,  Hastelloy-N, and w i t h  t h e  proposed unclad g r a p h i t e  mod- 

e r a t o r .  

The r a d i a t i o n  r e s i s t a n c e  of t h e  f u e l  sa l t  i s  w e l l  e s t a b l i s h e d ,  arid 

no r a d i a t i o n  decomposi t ion would be expected e x c e p t  a t  v e r y  low tempera- 

t u r e s  (below -100°C). The noble-gas f i s s i o n  p r o d u c t s ,  xenon and krypton ,  

are o n l y  s p a r i n g l y  s o l u b l e  i n  f u e l  sa l t  and would be removed c o n t i n u o u s l y  

d u r i n g  r e a c t o r  o p e r a t i o n  by a helium s p a r g i n g  system. P o r t i o n s  of some 

o t h e r  v o l a t i l e  f i s s i o n  p r o d u c t s  might a l s o  he  removed by t h i s  system. 

Another c lass  o€ f i s s i o n  p r o d u c t s ,  t h e  noble  and seminohle  m e t a l s ,  would 

be expected t o  e x i s t  i n  t h e  metall ic s ta te  and t o  p l a t e  o u t  most ly  on 

metal s u r f a c e s  i n  t h e  pr imary c i r c u i t .  Keeping t e l l u r i u m ,  which can  be 

harmful  t o  Hastelloy-N when d e p o s i t e d  on i t s  s u r f a c e ,  i n  s o l u t i o n  in t h e  

s a l t  may b e  p o s s i b l e  by a p p r o p r i a t e  c o n t r o l  of t h e  r e d u c t i o n l o x i d a t i o n  

p o t e n t i a l  o f  t h e  sa l t .  Most of  t h e  f i s s i o n  products  wou.ld remain i n  so lu-  

t i o n  i n  t h e  f u e l  s a l t .  It a p p e a r s  ( b u t  must b e  demonstrated)  t h a t  a f u l l  

30-year i n v e n t o r y  of t h e s e  materials could  be t o l e r a t e d  wi thout  exceeding 

s o l u b i l i t y  l i m i t s .  

Because r o u t i n e  a d d i t i o n s  of uranium would b e  r e q u i r e d  t o  m a i n t a i n  

c r i t i c a l i t y  i n  t h e  r e a c t o r ,  a d d i t i o n s  of l i t h i u m  and bery l l ium would also 

be r e q u i r e d  t o  m a i n t a i n  t h e  d e s i r e d  chemical  composi t ion.  Some of t h e s e  

a d d i t i o n s ,  c o n c e i v a b l y ,  could  b e  used t o  h e l p  c o n t r o l  t h e  o x i d a t i o n  s t a t e  



of  t h e  s a l t ,  which would have t o  b e  a d j u s t e d  r o u t i n e l y  t o  compensate f o r  

t h e  o x i d i z i n g  e f f e c t  of the  f i s s i o n  process .  Also, t h e  %[:)tal s a l t  inven- 

t o r y  p o s s i b l y  would have t o  b e  l i m i t e d  through o c c a s i o n a l  wi thdrawals  of 

some sa1.t. 

The DbfSR, i n  common wi th  o t h e r  systems t h a t  would use molten f l u o -  

r i d e  s a l t s ,  would requlre a special .  p r h a r y  s t r u c t u r a l  a l l o y  and,  pos- 

s i b l y ,  s p e c i a l  g r a p h i t e  f o r  t h e  moderator and r e f l e c t o r .  'l'he al . loy t h a t  

w a s  o r i g i n a l l y  developed f o r  mol ten-sa l t  s e r v i c e ,  Hastelloy-N, w a s  found 

t u  be excess i -ve ly  embri t t lecl  by neut ron  i r r a d i a t t o n  and t o  e x p e r i e n c e  

sha l low i n t e r g r a n u l a r  a t t a c k  by f i s s ion-product  t e l l u r i u m e  Subsequent ly ,  

minor composi t ion m o d i f i c a t i o n s  were made which a p p e a r  t o  provide  ade- 

q u a t e  r e s i s t a n c e  t o  b o t h  r a d i a t i o n  mnbr i t t l ement  and te l . lur ium a t t a c k .  

While e x t e n s i v e  t e s t i n g  and development wou1.d sti.11 be r e q u i r e d  t o  f u l l y  

q u a l i f y  t h e  iiiodified Hastelloy-N as  a r e a c t o r  s t r u c t u r a l  material, t h e  

fundamental  t e c h n i c a l  i s s u e  of a n  adequate  1nateri:ll appears  t o  be i-e- 

solved.  

'l'he requi rements  imposed on the g r a p h i t e  i n  a DMSR are  much 1.ess se- 

v e r e  than  t h o s e  t h a t  would a p p l y  t o  a high-performance b r e e d e r  r e a c t o r ,  

The low f l u x  l e v e l s  i n  the c o r e  wou1.d l e a d  t o  damage f l u e n c e s  of less t h a n  

3 x 

could  l a s t  f o r  t h e  l i f e  of t h e  p l a n t .  Zn a d d i t i o n ,  t h e  low power d e n s i t y  

may e l i m i n a t e  t h e  need t o  seal t h e  g r a p h i t e  s u r f a c e s  t o  l i m i t  xenon i n -  

t r u s i o n  and poisoning * 73i.s would s u b s t a n t i a l l y  reduce  t h e  technology 

development e f f o r t  a s s o c i a t e d  wi th  t h e  manufacture  of DMSR g r a p h i t e .  

neutrons/m2 in 30 y e a r s ,  so some c u r r e n t  technology g r a p h i t e s  

The g e n e r i c  s a f e t y  f e a t u r e s  of a DMSR would d i f f e r  s i g n i f i c a n t l y  

Srom t h o s e  of  o t h e r  r e a c t o r  t y p e s  p r i m a r i l y  because of t h e  f l u i d  n a t u r e  

of t h e  f u e l  and t h e  c i r c u l a t i n g  i n v e n t o r y  of f i s s i o n  products .  k c a u s e  

t h e  f u e l  i n  a DMSR would be unc lad ,  t h e  t h r e e  l e v e l s  of f i s s i o n - p r o d u c t  

confinement f o r  t h i s  system would be t h e  RCPB and two s e p a r a t e  l e v e l s  of 

containment .  The pr imary containment would be a set of  seaied and in-  

e r t e d  equipment cel . ls  that would be i n a c c e s s i b l e  t o  personnel  a f t e r  t h e  

o n s e t  of p l a n t  o p e r a t i o n .  These ce l l s  would provide  the pr i izc ipa l  con- 

f inement  of radi .oact i -vi ty  i n  a c c i d e n t s  i n v o l v i n g  f a i l u r e  of t h e  RCPB. 

They could a l s o  provide  a u x i l i a r y  c o o l i n g  of s p i l l e d  f u e l  s a l t  i f  that  

sa l t  f a i l e d  t o  Slow t o  t h e  cooled d r a i n  tank.  Zoss of c o o l i n g  a c c i d e n t s  
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w i t h  r e a c t o r  scram may be  r e l a t i v e l y  mi ld  i n  DMSRs because  of t h e  l a r g e  

h e a t  c a p a c i t y  and low vapor  pressure of t h e  f u e l  s a l t  which i n h e r e n t l y  

r e t a i n s  most of t h e  f i s s i o n - p r o d u c t  decay-heat  g e n e r a t o r s ,  However, 1.0s~ 

of  c o o l i n g  because  o f  blocked c o r e  f u e l  pas sages  a t  f u l l  power could  l e a d  

t o  some l o c a l  s a l t  b o i l i n g .  A f u l l  s a f e t y  a n a l y s i s  of t h e  DMSR h a s  n o t  

been performed because i t  would r e q u i r e  a much more comprehensive d e s i g n  

than  i s  c u r r e n t l y  a v a i l a b l e .  

P re l imina ry  c o n s i d e r a t i o n  of t h e  envi ronmenta l  e f f e c t s  of DMSKs sug- 

g e s t s  t h a t  such  e f f e c t s  would g e n e r a l l y  be  m i l d e r  t han  f o r  c u r r e n t l y  oper- 

a t i n g  n u c l e a r  sys tems.  There would be  l i t t l e  o r  no r o u t i n e  gaseous and 

l i q u i d  r a d i o a c t i v e  e f f l u e n t s ,  less waste h e a t  r e j e c t i o n ,  no shipment of 

r a d i o a c t i v e  s p e n t  f u e l  du r ing  t h e  normal p l a n t  l i f e ,  r e l a t i v e l y  l i t t l e  

s o l i d  r a d i o a c t i v e  waste, and less i m p a c t  from uranium mining. In  con- 

trast  t o  t h e s e  more f a v o r a b l e  f e a t u r e s ,  t h e  M S R  a t  end-of - l i fe  would 

i n v o l v e  a more complex decommissioning program and a l a r g e r  s o l i d  waste 

d i s p o s a l  t a sk .  I n  a d d i t i o n ,  du r ing  o p e r a t i o n ,  t h e  r e t e n t i o n  of trttium 

and t h e  r e l a t i v e l y  l a r g e r  i n v e n t o r y  of r a d i o n u c l i d e s  may r e q u i r e  e x t r a  

e f f o r t s  t o  avoid  p o s s i b l y  un favorab le  e f f e c t s .  

I n  g e n e r a l  , t h e  a n t i p r o l i f e r a t i o n  f e a t u r e s  of the once-through DMSR 

appea r  t o  be r e l a t i v e l y  f a v o r a b l e .  The e n t i r e  f i s s i l e  uraniwn inven to ry  

would be f u l l y  d e n a t u r e d ,  and t h e r e  would be no conven ien t  means of i so -  

l a t i n g  233Pa f o r  decay t o  s e p a r a t e d  233U.  The f i s s i l e  plutonium inven- 

t o r y  would be small, o f  poor q u a l i t y ,  and d i f f i c u l t  t o  e x t r a c t  from t h e  

l a r g e  mass o f  h i g h l y  r a d i o a c t i v e  f u e l  s a l t .  In  a d d i t i o n ,  no shipments  

of s p e n t  f u e l  from t h e  p l a n t  would occur  except a t  t h e  end-of - l i fe .  

6,2 A l t e r n a t e  DMSR Concepts  

Although a DMSR o p e r a t i n g  on a 30-yearY once-through f u e l  c y c l e  ap- 

p e a r s  t o  have a number of a t t r a c t i v e  f e a t u r e s ,  t h e  b a s i c  concept  cou ld  

be adapted  t o  a number of a l t e r n a t i v e  f u e l  c y c l e s .  If f u l l - s c a l e ,  on- 

l i n e  p rocess ing  o f  t h e  f u e l  s a l t  t o  remove f i s s i o n  p roduc t s  were adopted ,  

some l i k e l i h o o d  exists t h a t  break-even b reed ing  performance c o u l d  be 

achieved .  However, even wi thou t  break-even b r e e d i n g ,  t h e  f u e l  cha rge  

cou ld  be r e c y c l e d  through s e v e r a l  g e n e r a t i o n s  of r e a c t o r s  t o  g r e a t l y  



136 

reduce t h e  average  demand f o r  mined uranium. Other  performance improve- 

n w n t s  ( s h o r t  of  break-even b reed ing)  could  he  achieved  by combining t h e  

o n - l i n e  f u e l  p rocess ing  wtth p e r i o d i c  removal o r  reenr ichment  of p a r t  of 

the a c t i v e  uranium inventory .  Tn a l l  t h e s e  o p t i o n s  t h e  n e t  consumption 

of  n a t u r a l  uranium would become a minor f a c t o r  i n  t h e  a p p l i c a t i o n  of  

DMSRs. Some c o n s i d e r a t i o n  was g iven  t o  f w l  p rocess ing  concep t s  t ha t  

would remove on ly  p a r t  of t h e  s o l u b l e  f i s s i o n  products .  Such p rocesses  

appear  t o  o f f e r  Eew ( i f  any)  advantages  over  e i t h e r  t h e  unprocessed o r  

t h e  f u l l y  processed  approaches.  

6.3 Commercial izat ion Cons ide ra t ions  
I .- .. . . .-. ... . 

Since  the MSK concept  was under s t u d y  and development f o r  n e a r l y  30 

y e a r s  , most of the rel .evant  areas of  the requi red  technology have r e c e i v e d  

a t  l eas t  some a t t e n t i o n .  After t h e  s u c c e s s f u l  o p e r a t i o n  of  t h e  MSRE, a 

l i m i t e d  amounr of  d e s i g n  e f f o r t  w a s  expended on a comnercial-size MSRR; 

t h a t  e f f o r t  was d i s c o n t . i n w d  i n  1973. The tt.chnol.ogy development work 

proceeded i n  p a r a l l e l  w i th  t h e  d e s i g n  s t u d i e s  up t o  t h a t  t h e .  4 s m a l l  

devel-opment e f f o r t  (w i thou t  d e s i g n  suppor t )  was resumed i n  1974 and can- 

c e l l e d  a g a i n  i n  1976. This work, d e s p i t e  i t s  l i m i t e d  scope ,  provided a n  

engi r ieer ing-sca le  demonstrat i .on of t r i t i u m  management i n  t h e  secondary 

s a l t  and s i g n i f i c a n t  P P O ~ ~ ~ S S  toward t h e  d e f i n i t i o n  of an a c c e p t a b l e  

s t r u c t u r a l  a l l o y  f o r  mol t en - sa l t  s e r v i c e .  Work was under way toward dem- 

onsLrati .on of some of t h e  chemical process ing  o p e r a t i o n s  when t h e  program 

w a s  ended. 

Aside from the t e c h n i c a l  p rog res s  the l a s t  development a c t i v i t y  

produced a comprehensive p l an  f o r  t h e  f u r t h e r  development of  MSRs , which 

served  as  t h e  b a s i s  f o r  t h e  proposed DMSR development p l a n  and schedule .  

T h i s  p l an  s u g g e s t s  t h a t  the commerc ia l iza t ion  of  DMSRs could  proceed v i a  

t h r e e  r e a c t o r  p r o j e c t s :  (1) a moderate-s ized (100- to 200-MWe) rnolten- 

sa1.t test  r e a c t o r  t h a t  could  be a u t h o r i z e d  i n  I985 and become o p e r a t i o n a l  

i n  1995 , ( 2 )  an  intermediate-s i -zed commercial p ro to type  p l a n t  a u t h o r i z e d  

i n  1995 and o p e r a t i n g  i n  2005, and ( 3 )  a f i r s t  s tandard-des ign  DMSR t o  

o p e r a t e  i n  2011. A p r e l i m i n a r y  estimate f o r  t h e  c o s t  o f  this program, 
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i n c l u d i n g  $700 m i l l i o n  f o r  t h e  c o n c u r r e n t  base development work, i s  

$3750 m f l l i o n  ( i n  1978 d o l l a r s ) .  

A p r e l i m i n a r y  estimate of  t h e  c o n s t r u c t i o n  cost  f o r  a "s tandard"  DMSR 

( n e g l e c t i n g  c o n t i n g e n c i e s ,  e s c a l a t i o n ,  and i n t e r e s t  d u r i n g  c o n s t r u c t i o n )  

y i e l d e d  about  $650/kWe i n  1978  d o l l a r s .  

Ear a PWR and $380/kWe f o r  a c o a l  p l a n t  ( w i t h o u t  f lue-gas  c l e a n i n g )  esti- 

mated on the same basis. The DMSR c a p i t a l  estimate d i d  n o t  i n c l u d e  t h e  

c o s t  o f  o n - s i t e  s a l t  t r e a t m e n t  f a c i l i t i e s  o r  t h e  c o s t s  of sa l t  and f u e l  

i n v e n t o r i e s ;  these q u a n t i t i e s  are a1 1 inc luded  i n  t h e  f u e l  cycle c o s t s .  

The e s t i m a t e d  n o n f u e l  O&M c o s t s  were 2,82 mills/kWh, and f u e l  c y c l e  c o s t s  

were 5.3 mills/kWh. 

be about  10% h i g h e r  t h a n  t h a t  f o r  a comparably s i z e d  LWR. 

This  compares w i t h  about  $GOO/kWe 

The c o s t  of  decommissioning a DMSR was e s t i m a t e d  t o  

The l i c e n s i n g  of MSRs h a s  n o t  been s e r i o u s l y  addressed  because no 
proposa l  t o  b u i l d  a r e a c t o r  beyond t h e  MSRF: was e v e r  suppor ted  and none 

of  t h e  c o n c e p t u a l  d e s i g n  s t u d i e s  proceeded t o  t h a t  l e v e l ,  However, a 

number o f  new l i c e n s i n g  i s s u e s  c l e a r l y  would have t o  he addressed .  Be- 

c a u s e  t h e  t h r e e  l e v e l s  of f i s s i o n - p r o d u c t  Confinement i n  a DMSR would 

d i f f e r  from t h o s e  i n  a s o l i d - f u e l e d  sys tem,  demonst ra t ing  compliance w i t h  

t h e  r i s k  o b j e c t i v e s  r a t h e r  t h a n  s p e c i f i c  hardware d e s i g n s  in e s t a b l i s h e d  

l i c e n s i n g  c r i t e r i a  presumably would b e  necessary.  

s u g g e s t  that  t h e  r i s k s  a s s o c i a t e d  w i t h  t h e  o p e r a t i o n  of MSRs may b e  lower 

t h a n  t h o s e  f o r  LWRs, w h i l e  r i s k s  d u r i n g  maintenance and i n s p e c t i o n  of the 

r e a c t o r  system may be h i g h e r .  

P r e l i m i n a r y  s t u d i e s  

6 . 4  Conclusions 

The p r e l i m i n a r y  s t u d i e s  of DMSRs d e s c r i b e d  p r e v i o u s l y  i n d i c a t e  t h a t  

t h e s e  r e a c t o r s  could  have a t t r a c t i v e  performance and r e s o u r c e  u t i l i z a t i o n  

f e a t u r e s  w h i l e  provid ing  s u b s t a n t i a l  r e s i s t a n c e  t o  t h e  f u r t h e r  p r o l i f e r a -  

t i o n  of  n u c l e a r  e x p l o s i v e s .  T n  a d d i t i o n ,  t h e  envi ronmenta l  and s a f e t y  

features of  DMSRs g e n e r a l l y  appear  t o  h e  a t  least  a s  f a v o r a b l e  as t h o s e  

of o t h e r  n u c l e a r  power sys tems,  and t h e  system economic c h a r a c t e r i s t i c s  

a re  a t t r ac t ive .  

commercial ize  DMSRs, t h e r e  are  no major unresolved i s s u e s  i n  t h e  needed 

technology.  

While a s u b s t a n t i a l  RD&D e f f o r t  would b e  r e q u i r e d  t o  

Thus, a commercial DMSR w i t h o u t  on- l ine  f u e l  process ing  
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probably  could  be  developed i n  about  30 y e a r s ;  w i th  a d d i t i o n a l  s u p p o r t  

f o r  RD&I), t h e  Lechnology f o r  on- l ine  f u e l  p rocess ing  coiild he  developed 

on about  the same time schedule .  

Although t h e  DMSR c h a r a c t e r i z a t i o n s  p re sen ted  i n  t h i s  r e p o r t  a re  ap- 

proximate ,  t h e y  provide  as  much d e t a i l  a s  i s  j u s t i f i e d  by the v e r y  pre-  

l i m i n a r y  s t a t u s  o f  t h e  system conceptua l  d e s i g n ,  Any e f f o r t  t o  subs tan-  

t i a l l y  improve t h e  q u a l i t y  and d e t a i l  of t h e  c h a r a c t e r i z a t i o n s  wol.ild have 

t o  be  accompanied by a s i g n i f i c a n t  system d e s i g n  e f f o r t  o r i e n t e d  toward 

a s p e c i f i c  DMSR power p l a n t .  Costs and tiines r e q u i r e d  f o r  such s t u d i e s  

would be  s e v e r a l  t i m e s  as l a r g e  as t h o s e  f o r  t h e  p r e l i m i n a r y  work arid 

probably  could be  j u s t i f i e d  o n l y  i f  a n a t i o n a l  d e c i s i o n  were made t o  re- 
e s t a b l i s h  a f e d c r a l l y  funded MSR program. 

Any MSR program of  s u b s t a n t i a l  s i z e  presumably would i n c l u d e  a n  RD&D 

e f f o r t  o f  some s i z e  t o  suppor t  e f f e c t i v e  p u r s u i t  o f  program g o a l s .  T h i s  

work, i n  t u r n ,  would be  complemented by t h e  d e s i g n  s t u d i e s  which would 

h e l p  t o  d e f i n e  RD&D t a s k s  and focus  t h e  e n t i r e  e f f o r t .  The combinat ion 

would a l l o w  [:he a t t a i n m e n t  of  o b j e c t i v e s  on the shorlest:  practical  t i m e  

schedule .  

From t h e  p re l imina ry  s t u d i e s  reportccl ,  a once-through DMSR wi thout  

on - l ine  f u e l  p rocess ing  a p p a r e n t l y  would be t h e  most r easonab le  c h o i c e  

€01- development i f  an RD&D program were e s t a b l i s h e d .  However, p a r a l l e l  

development of  the t echnology f o r  cont inuous  f u e l  p rocess ing  would add 

o n l y  modera te ly  t o  t h e  t o t a l  program c o s t  and could  provide  the o p t i o n  

of  a more r e s o u r c e - e f f i c i e n t  (and p o s s i b l y  a cheape r )  f u e l  c y c l e ,  
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Appendix A 

COMPARATIVE REACTOR COST ESTIMATES 
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T a b l e  A.1. Cost estimates f o r  t h e  DSPlR, PWK, a n d  c o a l  p l a n t s  

(Thousands of 1378.0 d o l l a r s )  

Account  No. 

Two- Three- 
d i g i t  d i g i t  

I t  em 

20 

21 
211 
212 
21 7 
21 5 
216 
217 
2 18 
2 1 9  

22 
2 20 

221 
222 
223  
224 
225 
226 
22 7 
228 

23 
271 
232 
273 
2 3 4  
235 
2 36 
277 

24  
24 1 
242  
243  
2 4 4  
245 
2 4 6  

D i r e r t  c o S t s  

Land and l a n d  r i g h t s  

S t r u c t u r e . ;  a n d  improvements  
Yard work 
R e a c t o r  c o n t a i n m e n t  b i i i l d i n g  
Tu r h i ne bu i 1 d i n g  
A u u i l  i a r y  hu ild i n g (  s )  

Was t P p r  o c c  s s b u i  i d  i n 8  
F u e l  s t o r a g e  b u i l d i q g  
O t h e r  s t r u c  tiires" 
S t a c k  ( h e a t  r e  j w t i o n )  

Account  21 s u b t o t a l  

R e a c t o r  p l a n t  e q u i p m e n t  
N u c l e a r  steam s u p p l y  s y s t e m  

K e a c t o r  e q u i p m e n t  
?.la in tiea t - t  r a m  f e r  sjrs tern 
S a f e g u a r d  s s y s t e m  
Radwa s t e p r oc e s s i ng 
F u e l  h a n d l i n g  and  s t o r a g e  
O t h e r  r e x  t o r  p l a n t  e q u i p m e n t  
R e a c t o r  i n s t r u m e n t a t i o n  a n d  c o n t r o l  
R e a c t o r  p l a n t  m i s c e l J a n r o u s  iteins 

Account  2 2  s u b t o t a l  

T u r b i n e  p l a n t  e q u i p m e n t  
T u r b i n e  g e n e  ra t  o r  
(Changed t o  a c c o u n t  2 6 )  
c o n d e n s i n g  s y s t e m s  
F e e d - h e a t i n g  s y s t e m  
O t h e r  t u r b i n e  p l a n t  equ ipmen t  
I n s t r u m e n t a t  i o n  and c o n t r o l  
T u r b i n e  p l a n t  m i s c e l l a n e o u s  i t e m s  

Accoun t  23 s u b t o t a l  

E l e c t r i c  p l a n t  equ ipmen t  
Swi t clig e a r 
S t a t i o n  s e r v i c e  equ ipmen t  
S w i t c h  b o a r d s  
P r o t e c t i v e  equipinent  
Electr ical  s t r u c t u r e  and w i r i n g  
Power and  c o n t r o l  w i r i n g  

Account  24 s u b t o t a l  

DM s R~ 

2 ,000  

1 i j  ,1100 
4 4 , 0 0 0  
14,00(1 
2 4 , 0 0 0  

NAd 
3 0 ,  0 0 0  

2 , 0 0 9  

( i n  2 1 5 )  

1 2 4 , 0 0 0  

( i n  221 
and 2 2 2 )  
4 5 ,000 
6 3,000 

6 , c100 
1 0 , 0 0 0  
1 0 , 0 0 0  
30 ,900  
10 ,000  
6,000 

1 8 0 , 0 0 9  

43 ,000  

1 2 , 0 0 0  
2 1 , 0 0 0  
18 ,000  

2 ,000  
4 , 0 0 0  

100 ,000  

6 , 0 0 0  

1 ,000  
2 , 0 0 0  

1 2 , 0 0 0  

14 ,000  

1 9 , 0 0 0  

2, on0  

1 0 , 1 0 3  
3 9 , 0 1 7  

9 ,297  

4 , 9 2 8  
25 ~ 952 

NA 

1 2 , 8 2 0  

8 ,841 

2 ,  0 0 0  

5 , 9 9 0  
Omit 

10 ,337  
O r n i t  
Omit 
O m i t  
olni t 
2 203  

1 1 0 , 9 5 8  

6 7 , 1 1 1  

3,72.7 
9,1373 

1 1 , 5 8 2  

3 ,405  

7 , 7 7 9  
5 , 4 9 7  

10 , 0 4 2  

1 9 , 8 2 2  

O m i t  

O m i t  

O m i t  
omit 
O m i t  
O m i t  
O m i t  
hit 
h i t  
O m i t  

1 3 8 , 8 3 8  

6 1 , 9 4 3  

1 5 , 7 5 7  
1 5 , 3 1 5  
15 ,496  

1 , 3 7 6  
3 ,590  

112 ,937  

5 ,739  
9 , 4 1 9  

7 0  1 
1 , 7 7 0  

15 ,737  
10 ,215  

C h i t  

4 2 , 2 9 9  

12 ,022  

14,921; 
1 4 , 5 1 9  

837 
3 , 1 9 0  

8 7 , 7 9 1  

4 , 0 8 1  

72 1 
1 ,879  
9 , 4 2 2  

1 0 , 8 0 5  

5 , 9 4 9  

5 4 , 0 0 0  4 3 , 5 5 1  30,857 
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T a b l e  A . l  ( c o n t i n u e d )  

Accoun t  So. 

' b o -  T h r e e -  
d i g i t  d i z i t  

Item DM s R PWR Coalb>'  

25 
251 
2 52 

2 5 3  
2 54 
255 

Y i s c e l l a n c o u s  p l a n t  e q u i p m e n t  
T r a n s p o r t a t i o n  and l i f e  e q u i p m e n t  
A i r ,  wa te r ,  and steam s e r v i c e  

Communicat ion e q u i p m e n t  
F u r n i s h i n g s  and  e q u i p m e n t  
Waste water t r e a t m e n t  e q u i p m e n t  

s y s t e m  

3,000 
i n ,ooo  

2 ,  on0 
1,000 
1,000 

2,617 
7,664 

1,524 
1,041 

NA 

1,606 
6,034 

691 
898 

1,351 

26 

Accoun t  25 s u b t o t a l  

Main c o n d e n s e r  h e a t  r e j e c t i o n  

17,000 

14,000 

12,846 

21,968 

10,580 

14,003 

91  
91  1 
91  2 
913 

92 
92 1 
922 
923 

93 

93 1 
932 
93 3 

93 4 

A c c o u n t s  2&26, t o t a l  d i r e c t  
c o s t s  

I n d i r e c t  c o s t s  ~. .................. .... 

C o n s t r u c t i o n  s e r v i c e s  
Tempora ry  c o n s  t r u c  t i o n  f ac il i t i e s  
C o n s t r u c t i o n  t o o l s  a n 3  e q u i p m e n t  
P a y r o l l ,  i n s u r a n c e ,  a n d  s o c i a l  

s e c u r i t y  t a x e s  

Accoun t  9 1  s u b t o t a l  

Home-of f i ce  e n g i n e e r i n g  s e r v i c e s  
Home-of f i c e  s e r v i c e s  
Home-off ice  q u a l i t y  a s s u r a n c r  
Home-of f i ce  c o n s t r u c t i o n  managenlent 

Accoun t  92 s r i h t o t a l  

F i e l d - o f f i c e  e n g i n e e r i n g  and 

F i e l d - o f f i c e  e x p e n s c s  
F i e l d  j o b  s u p e r v i s i o n  
F i e l d  q u a l i t y  a s s u r a n c e / q u a l i t y  

P l a n t  s b r t - u p  a n d  t e s t  

s e r v i c e s  

c o n  t 1-01 

491,000 

26,000 
24,000 
25,000 

75,000 

-. .......... 

53,000 

3,000 
22,000 

5,000 

4,000 

A c c o u n t s  9 1 - 9 3  

T o t a l  i n d i r e c t  c o s t s  

34,000 

162,000 

T o t a l  c a p i t a l  c o s t s ,  d i r e c t  a n d  
i n d  i rec t 

653,000 

443,128 

25,801 

22,460 
21,878 

70,139 

49,008 

1,338 
2,333 

52,679 

3,180 

4,683 
19,188 

2,853 

29,904 

152,722 

595,850 
......... 

Chiit 

14,348 
11,285 
13,363 

38,996 

14,917 
NA 

1,192 

16,109 

824 
8,732 

180 

343 

10,079 

65,184 

O m i t  

% s t b a t e d  by M. L. Myers.  

b E s t i m a t e d  from CONCEPT V. 

' s e l e c t e d  a c c o u n t s .  

dNot a p p l i c a b l  e.  
e F o r  e x a m p l e ,  c o n t r o l  rooiii, a d m i n i s t r a t i o n  b u i l d i n g ,  f i r e  t u n n e l s ,  s e w a g e ,  

h o l d i n g  pond ,  d i e s e l - g e n e r a t o r  b u i l d i n g ,  r e c e i v i n g ,  a n d  g u a r d .  
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Table A. 2. Ciiinulative c a s h  
flow f o r  D M S K ~  

b Cost to d a t e  
( m i l l i o n s  of d o l l a r s )  Date 

1978.0 
1979.0 
1980.0 
1981.0 
1982.0 
1983.0 
1984.0 
1985.0 
1986.0 
1987.0 
1988.0 

0 
5 

10 
23 
55 

143 
31 3 
458 
596 
63 7 
653 

Uni t  1; 1000-MEle DMSR a 

power p l a n t  a t  Middletown; cos t  
basis i s  year of steam supply  
system purchase  (1978.0); con- 
s t r u c t i o n  permi t  i s  1978.0; 
commercial o p e r a t i o n  i s  1988.0. 

d a t e  excludes i n t e r e s t  and es- 
c a l a t i o n  charges .  

b ~ o t a ~  cos t  i n c u r r e d  t o  
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